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ABSTRACT

This document provides results of criticality benchmark calculation conducted during
years 1997 — 1999. The list of tasks mutually agreed by United States and Russia
specialists in November 1996 meeting. It is applicable to mixed oxide fuel cycles for
light water reactors. The calculation results obtained with Russian and U.S. codes of
Monte Carlo method are compared. The comparison with the experimental results is
also provided. Brief descriptions of all investigated critical assemblies are presented
and references for detailed descriptions are indicated.



INTRODUCTION

In the current report computer investigation results of the experimental critical
assemblies are collected and analyzed. Earlier this information has been published as
Progress Reports of the Joint U.S./Russian Project, presented and discussed at the
specialist meetings.

The objective of this work is the validation of the reference Monte Carlo codes
and the neutron data in application to MOX fuel usage in water moderated reactors and to
criticality safety in a operation of MOX fuel fabrication.

The calculation results were obtained by the staff of following science nuclear
centers:

State Scientific Centre of the Russian Federation Institute for Physics and Power
Engineering (IPPE), Russig;

Oak Ridge National Laboratory (ORNL), U.S.

Russian Research Center "Kurchatov Institute" (RRC "KI"), Russia

University of Texas, U.S.

Descriptions of the critical assemblies were either taken from International
Handbook Ref. [1] or were provided by U.S. part of the Joint Project. Ref [2 - 7]

Several codes and different neutron databases were used:

M CNP. Thiswidely known code described everywhere. In thiswork MCNP was
used with ENDF/B-V and ENDF/B-VI evaluated data libraries. The calculations have
been carried out in U.S. In atext below the code and the data are referred as
"MCNP (ENDF/B-V)" or "MCNP (ENDF/B-VI)"

MCU. This code, likewise MCNP, model a continuous energy neutron history in
a neutron multiplied system of an arbitrary geometry. The version MCU/RFFI/A, Ref [8,
p.3-i] was used in the current work. MCU code have her own neutron database
DLC/MCUDAT. In the current work the version DLCIMCUDAT-1 .0 was used. The
calculations have been carried out in RRC "KI". In atext below the code and the data are
refer as"MCU".

KENO-V.a.

This code, Ref [9] models a neutron history in a group approach. In the current

report calculation results with 238 group which were generated from ENDF/B-V are
presented. The calculations have been carried out in U.S. In atext below the code and the
data are referred as "KENO-V (ENDF/B-V)"

ABBN-93.

The calculations have been carried out in IPPE using the Monte-Carlo code
KENO-V.a and ABBN-93 constants set Ref [10]. The CONSY ST/ABBN system with
ABBN-93 constants set Ref [11] was used for calculation the mixed material cross-
sections and for converting data to the CCC-254/ANISN formats. The IPPE calculations
were performed in the P; order of anisotropy approximation with the 299-group ABBN-
93 cross-sections data set. In the text below the code and the data are referred as "KENO-
V (ABBN-93)"

In current report the brief description of al considered critical assemblies is
given. It was done to give the reader the general picture on the subject. Therefore the
inessential details were omitted, the geometry parameters were rounded, and the material
content is not mentioned. The source of detailed description is indicated, the variant
names in the report coincide with names in original description.



The parameter uncertainty calculated by the Monte Carlo codes (one standard
deviation) is identified in parenthesis. That is a reported value of X.XXXX(YY)
should be interpreted as X XXXX+0.00YY.

In the number of cases the averaging of the calculation results was carried out.
At that the statistical dispersion of the particular variant wasn’t taken into account. It’s
valid as the scattering of values to be averaged is much greater than the statistical
dispersion. Results are written in a form A + A, where A is the average value, 8A is
the mean-square error.



1. PLUTONIUM NITRATE SOLUTION

1.1. Weapons-grade plutonium

L.1.1. Water-reflected cylinders of 9-, 11- and 12-inch diameter

These critical experiments are described in Ref. [1, v. Ib, PU-SOL-THERM-
010].

The reactor core is a cylindrical, thin-walled, stainless steel vessel filled with
Pu(NOs), solution. Cylinder’s inner diameter is equal to 9, 10 or 11 inch (about 23,
28, 30 cm). The solution heights depend on the plutonium concentration and were
adjusted to critical. Critical heights lie between 22 cm and 44 cm, critical volumes lie
between 12 liter and 18 liter.

A cylindrical vessel is inserted in a large water-filled tank. Above the level of
fissionable solution each cylinder is fitted with a water-filled piston ‘tamper’ 30 cm
thick. So reactor cores were surrounded with effectively infinite water reflector.

Benchmark specification includes geometry dimensions and isotoi)es’ nuclear
density. The plutonium composition includes only Z*Pu and 2*°Pu with >**Pu content
of 2.9 wt.%. ’

Uncertainty in K.s of the benchmark models is, at most, + 0.0048.

Calculation results of K¢ are presented in Table 1. 1 and Figure 1. 1. The
results do not reveal the correlation between the Ky and the diameter of a core or
value of H/***Pu relation, so it is possible to average the values of K. Averaged Ko -
are also given in Table 1.1. For each code a dispersion of results corresponds to the
K. experimental uncertainty.

MCU and KENO-V (ABBN93) codes predict value approximately 0.005
grater then experimental K. = 1. It doesn’t exceed an experimental error.

ENDF/B-V data overestimate K. value by 0.017. Comparison of MCNP and
KENO-V results shows that the group approach gives roughly 0.0005 error of Keg. It
slightly offsets imperfection of neutron data.



Table 1. 1. Multiplication factors for reflected cylinders.

D (inch) Plutonium Ketr
- g/l H/ 239Pu MCU MCNP KENO-V | KENO-V
Case Number (ENDF/B-V) | (ABBN-93) | (ENDF/B-V)
9-1 99.09| 266.9 | 1.0131(9) | 1.0238(10) | 1.0127( 9) 1.0184(22)|
92 73.92| 3569 |1.0082(10)|1.0226(10) | 1.0068( 9) | 1.0152(25)
9-3 54.53 4842 1.0033(10) | 1.0142(10) 1.0026( 9) | 1.0104(23)
11-1 5443| 4850 |1.0067(10)| 1.0196(10) | 1.0074( 9) | 1.0166(23)
11-2 4721| 5581 | 1.0062(9)| 1.0167(9) | 1.0065(9) | 1.0116(20)
11-3 4721| 558.1 | 1.0045(9) | 1.0168(10) | 1.0048( 9) | 1.0126(19)
11-4 4173 605.9 | 0.9983(9) | 1.0092(10) | 0.9975( 9) | 1.0061(18)
11-5 36.90| 6654 | 0.9985(9) | 1.0102(9) | 1.0000¢ 9) | 1.0059(19)
11-6 63.99| 4143 | 1.0095(9) | 1.0223(10) | 1.0098( 9) | 1.0200(21)
11-7 48.98| 5352 | 0.9994( 9) | 1.0089(10) | 0.9989( 9) | 1.0065(21)
12-1 4875 5434 | 1.0069(9) | 1.0176(10) | 1.0056( 9) | 1.0160(19)
12-2 4229| 6183 | 1.0069(9) | 1.0179(10) | 1.0052( 9) | 1.0102(20)
12-3 36.52| 7281 | 1.0121(9) | 1.0211(9) | 1.0110( 9) | 1.0215(22)
12-4 31.14|  849.7 | 1.0048(9) | 1.0168(9) | 1.0073(9) | 1.0160(22)
Averaged 1.0056 1.0170 1.0054 1.0133
+0.0046 i_0.0047 _* 0.0043 +0.0049

———

——
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Figure 1. 1. Multiplication factors for reflected cylinders



1.1.2. Water-reflected spheres of 11.5-, 12,- 13 and 14-inch diameter.

These critical experiments are described in Handbook [1, v. 1b, PU-SOL-
THERM-001 through —-0035].

Benchmark reactor model is thin-walled, stainless steel sphere (core)
surrounded with effectively infinite water (reflector). Sphere fully filled with
Pu(NO;); solution.

Benchmark specification includes geometry dimensions and isotopes’ nuclear
density.

Particular attributes of each series are indicated bellow.
¢ PU-SOL-THERM-001
Evaluated volumes differ within the limits of 0.6% in different cases, diameter lies
between 12.80 cm and 12.87 cm.
The plutonium composition includes all isotopes from 2**Pu to >**Pu, *°Pu content is
equal to 4.6 wt.%.
Kesr uncertainty was evaluated to be + 0.0050.
e PU-SOL-THERM-002
Adjusted volume of the fissionable solution is equal to 15.12 liters. It corresponds to
30.68 cm sphere diameter.
The plutonium composition includes only »*Pu and **°Pu, **°Pu content is equal to
3.12 wt.%.
Ker uncertainty was evaluated to be + 0.0047.
e PU-SOL-THERM-003
In seven cases the core vessels have steel shell. Adjusted volume of the fissionable
solution is equal to 17.97 liters. It corresponds to 33.03 cm sphere diameter.
In one case the core vessel has aluminum shell. Adjusted volume of the fissionable
solution is equal to 18.87 liters. It corresponds to 32.50 cm sphere diameter.
The plutonium composition includes only **Pu and **°Pu, **Pu content is equal to
1.76 or 3.12 wt.%.
Kefr uncertainty is at most + 0.004.
e PU-SOL-THERM-004
Adjusted volume of the fissionable solution is equal to 23.57 liters. It corresponds to
35.57 cm sphere diameter.
The plutonium composition includeds only **’Pu and **Pu, **°Pu content is equal to
0.54,1.76, 3.12 or 3.43 wt.%.
Kesr uncertainty is + 0.004, at the most.
s PU-SOL-THERM-005
Adjusted volume of the fissionable solution is equal to 23.57 liters. It corresponds to
35.57 cm sphere diameter.
The plutonium composition includes only *°Pu and **°Pu, **°Pu content is equal to
4.05 or 4.40 wt.%.
Ky uncertainty is at most + 0.004.

Calculation results are presented in Table 1. 2 and shown at.Figure 1. 2

An overall picture is similar with previous one: MCU and ABBN-93 predicts
Kesr to be close to the experimental value, Ke obtained by ENDF/B-V exceed 1 of ~
0.01



Table 1. 2. Multiplication factors for reflected spheres.

D (inch) Z Plutonium Kegr
Case Number| &1 | H/™°Pu MCU KENO-V MCNP

(ABBN-93) (ENDF/B-V)

115-1 | 73.0] 3540 1.0013( 9) 0.9984( 9) 1.0110(10) |
115-2 | 96.0 | 2583 1.0047( 9) 1.0132(10)
11.5-3 |119.0| 2066 1.0050( 9) 1.0153(10)
115-4 [132.0] 180.1 0.9976(10) 1.0088(10)
11.5-5 |140.0| 171.0 1.0026(10) 1.0008( 9) 1.0111(10)
115-6  [268.7] 87.0 1.0018(10) 0.9941( 9 1.0078(10)
12-1 [4984] 524 0.9998(10) 0.9992( 9) 1.0126(10)
12-2  |51.42| 504 1.0000( 9) 1.0095(10)
12-3  |56.09| 451 0.9976( 9) 1.0105(10)
12-4  |5964| 421 1.0022(10) 1.0117(10)

12-5  |6333] 393 1.0057( 9) 1.0119(10) |
12-6 |70.11| 344 1.0001(10) 1.0108(10)
12-7  |77.09| 309 1.0037(10) 1.0128(10)
13-1 [3332] 788 0.9989( 9) 0.9976( 9) 1.0077( 9)
13-2  |3432] 755 1.0004( 9) 1.0102( 9)
13-3  |3743] 699 1.0025( 9) 1.0102( 9)
13-4 |38.12] 682 0.9992( 9) 1.0106( 9)
| 13-5 |4065| 627 1.0030( 9) 1.0122( 9)
| 13-6 |44.09] 563 1.0030( 9) 1.0126( 9)
13-7 |3598] 738 1.0038( 9) 1.0139( 9)
13-8  |3681] 715 1.0024( 9) 1.0141( 9)
14-1 [2627] 987 0.9984( 9) 1.0101( 9)
14-2  |2631] 977 0.9911( 9) 1.0069( 9)
14-3  |2720] 935 0.9967( 9) 1.0072( 9)
14-4  |28.09| 889 0.9947( 9) 1.0046( 9)
14-5 [27.58] 943 0.9939( 9) 1.0077( 9)
14-6 |28.60| 927 0.9988( 9) 1.0074( 9)
14-7 |2957| 891 1.0019( 9) 1.0140( 9)
14-8 (2995 870 0.9962( 9) 1.0086( 9)
14-9 |31.60| 805 0.9973( 9) 1.0083( 9)
14-10 |3536| 689 0.9983( 9) 1.0076( 9)
14-11 |3938| 598 0.9966( 9) 1.0082( 9)
14-12  [29.44| 893 0.9977( 9) 1.0105( 9)
I 14-13 [2027] 903 0.9963(9) 1.0070( 9)
[ 14-1 J2065] o902 0.9977( 9) 1.0094( 9)
14-2  |30.54| 868 0.9986( 9) 1.0093( 9)
14-3  |3143| 834 0.9991( 9) 1.0097( 9)
14-4 |33.54] 766 1.0015( 9) 1.0119( 9)
14-5  [36.04] 695 1.0020( 9) 1.0116( 9)
14-6 |38.49| 634 1.0034( 9) 1.0108( 9)
14-7 |4091| 580 1.0022( 9) 1.0110( 9)
14-8 |30.58| 869 0.9949(10) 1.0077( 9)
14-9  |31.85] 825 0.9969(10) 1.0087( 9)

Averaged 0.9998+0.0032 | 0.9980+0.0022 | 1.0102+0.0023
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Figure 1. 2. Multiplication factors for reflected spheres.



1.1.3. Unreflected cylinders of 13.4- and 17.9-inch diameter.

These critical experiments are described in Ref. [2, p. 58].

Benchmark reactor model is thin-walled, stainless steel vessel partly filled
with Pu(NOs), solution. ***Pu content is equal to 4.88 wt.%..
The vessel was modeled as a cylinder with 34 cm diameter and 51 cm height
or cylinder with 45 cm diameter and 61 cm height.
The solution height depends on the plutonium concentration. For 13.4-inch
cylinder critical heights lie between 28 cm and 34.9 cm. Only one case of 17.9-inch

cylinder was investigated, the critical height is equal to 21.95 cm.

Benchmark specification includes critical height of fissionable solution and
isotopes’ nuclear density. The plutonium composition includes only Z**Pu and 2*°Pu.

Uncertainty in K.¢ of the benchmark models is not indicated.

Calculation results by KENO-V code with different databases are presented in
Table 1. 3 and Table 1. 4 and shown at Figure 1. 3. A calculation by MCU code
wasn't carried out. Calculation results by MCNP code are not known for us.
It seems that big difference in the K calculation results for 13.4-inch and
17.9-inch-diam cases indicates an error of evaluated experimental parameters.
In the overview of the experiment is written: " ... experiments are judged to be
until additional

unacceptable

criticality

experimental data can be obtained".

safety benchmark

experiments

Table 1. 3. Multiplication factors for unreflected 13.4-in-diam. cylinder.

— —

Plutonium Keg
Case Number
g/l H/*°Pu KENO KENO

(ABBN-93) (ENDEF/B-V)

5-13 1 226 106 0.9994( 9) 1.0088(24)

5-13 2 165 151 1.0000( 9) 1.0030(23)

5-13 3 133 189 0.9956( 9) 1.0033(23)

5-13 4 914 280 0.9992( 9) 1.0058(21)

" 5-13 5 73.5 351 1.0006( 9) 1.0028(24)

5-13 6 60.4 429 1.0033( 9) 1.0100(23)

5-13 7 433 602 1.0038( 9) 1.0043(25)
Averaged 1.0003 £ 0.0025 1.0054 + 0.0028

Table 1. 4. Multiplication factors for unreflected 17.9-inch diameter cylinder.

Plutonium Kesr
Case Number
g/l H/ %Py KENO-V KENO-V
. ‘ (ABBN-93) (ENDF/B-V)
I 5-18 1 50.7 509 0.9915( 9) 0.996
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1.1.4. Summary

The main calculation results of critical assemblies with weapons-grade
plutonium nitrate solution are collected inTable 1. 5. and are presented at Figure 1. 4.
Relative to neutron data, these results may be of interest because of the deviation of a
calculation Kegr from the experimental K. = 1 is connected with only isotope **Pu.

The results for unreflected 17.9-inch-diam. cylinders (only one H/**°Pu value)
differ heavily from other assemblies. Below this case is not considered.

Table 1. 5. Summary results of weapons-grade plutonium nitrate solution.

Keff
Assembly
MCU MCNP KENO-V KENO-V _
(ENDE/B-V) (ABBN-93) (ENDEF/B-V)
Ref. cylinders 1.006 £0.005 | 1.017+0.005 | 1.005+0.004 | 1.013 +0.005
Refl. spheres 1.000 £0.003 | 1.010+0.002 | 0.998 +0.002
Unrefl. cylinders 1.000 £0.003 | 1.005 +0.003

Several comments on the results obtained are given below.
o Errors of K. calculation, namely difference between calculated and and
experimental values, AKes= -1, do not depended on H/*°Pu rathio. It depends on a
- geometry of the assemblies but a difference is not exceed Ker experimental
uncertainties.
¢ MCU and KENO-V (ABBN-93) results coincide in limits of statistical dispersion.
The same is true for MCNP and KENO-V (ENDF/B-V) codes.
¢ For MCU code AK.s intervening between 0.997 and 1.01.
* For MCNP code AK.¢ intervening between 1.007 and 1.022.
* On average over all cases, neutron data used provided a precision of multiplication
factors calculation as follows:
Continueus energy approach:
MCU: AKesr = 0.000 +0.003
ENDF/B-V: AK.t =0.010 +0.002

Group approach:

ABBN-93:  AK.s = 0.000 +0.003
ENDF/B-V: AK.=0.005 +0.003

11
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1.2. Burn-up plutonium.

1.2.1. Different plutonium isotope compositions.

In this PNL critical experiments plutonium of different isotope compositions
was used. The assemblies are described in Ref. [5].

Reactor core is thin-walled sphere or cylinder filled with Pu(NO;); solution.
Water reflectors are of practically infinite thickness or do not exist.

Uncertainty in K. of the benchmark models is not indicated in Ref. [5].
Main parameters of each series are indicated bellow.

e PNL-6

Unreflected sphere with D =38.63 c¢m.

Plutonium concentration is equal to 172.3 g/l.

2Py content is equal to 95 wt.%.

e PNL-7

Reflected sphere with D =35.56 cm

Plutonium concentration is equal to 26.3 g/l.

2%Pu content is equal to 99.5 wt.%.

e PNL-9

Unreflected cylinder with D = 45.47 cm, H=36.40 cm.

Plutonium concentration is equal to 28.5 g/l.

#°Pu content is equal to 86.2 wt.%.

e PNL-10

Side and bottom reflected cylinder withD = 61.03 cm, H=15.44 cm.
Plutonium concentration is equal to 116 g/1.

7Py content is equal to 90.7 wt.%.

e PNL-11

Side and bottom reflected cylinder with D = 61.03 cm, H = 80.92 cm.
Plutonium concentration is equal to 40.6 g/I.

2Pu content is equal to 41.4 wt.%.

Calculation results by MCU and KENO-V (ABBN-93) codes are provided in
Table 1. 6. Calculation results with ENDF/B data are not known for us.

Dependence of Kes on 2**Pu content is not revealed.

K. value for ***Pu content 13.8 wt.% is too small. Most likely, it is connected
with rough description of plutonium composition (**'Pu is not taken in account). For
other cases dependence of K.s on **°Pu content is not revealed
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Table 1. 6. Multiplication factors for PNL assemblies.

Case H/*°Pu #opy #ipy Ketr

Number wt.% wt.% MCU KENO-V
(ABBN-93)

PNL-7 980 0.54 0.9991(20)

PNL-6 125 4.6 0.31 0.9975(19)

PNL-10 210 8.4 0.85 0.9963(15) 0.9940(18)

PNL-9 910 13.8 0.9932(11) 0.9964( 7)

PNL-11 1106 42.9 10.8 0.9993(17) 0.9975( 6)
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1.2.2. Plutonium of 13.74 wt.% >**Pu content.

The experiment is described in Ref. [2, p. 58].

Critical heights of the unreflected cylinders of 13.4- and 17.9-inch diameter
were measured. The design of assemblies is comfletely the same as it was described
in paragraph 1.1.3. The only difference is that ***Pu content is equal to 13.74 wt.%
instead of 4.88 wt %.

Calculation results by KENO-V codes with ABBN-93 and ENDF/B-V neutron
data are presented in Table 1. 7 and Figure 1. 5. A calculation by MCU code wasn't
carried out. Calculation results with ENDF/B data are not known for us.

Analyzing results, one should have in mind that *'Pu content is not indicated
in the benchmark specification. So calculation might have to predict rather low Keg
values. :
K. dependence on H/*°Pu is not revealed. It allows to average results.

As one can see K values differ nearly in 0.01 for cylinders of 13.4-inch and
17.9-inch diameter. The same situation takes place for case of 4.88 wt.% 2*°Pu
content.

Table 1. 7. Multiplication factors for >*’Pu = 86 wt.%. unreflected cylinders

Plutonium Ketr
Case
Number g/l H/*°Pu KENO KENO
(ABBN-93) (ENDF/B-V)
13.4 inch diameter
14-13-1 163 129 0.9978( 9) 1.0050(25)
14-13-2 114 190 0.9959( 9) 0.9998(21) it
14-13-3 80.2 275 0.9988( 9) 1.0039(23)
14-13-4 65.6 339 0.9998( 9) 1.0104(22)
14-13-5 | 586 | 380 | o 0.9995(9) .__..|.._._10106(22) |
Averaged 0.9984 + 0.0014 1.0059 + 0.0041
17.9 inch diameter
14-18-1 215.5 93 0.9927( 8) 0.9965(22)
14-18-2 174.5 118 0.9920( 9) 0.9974(20)
14-18-3 135.0 156 0.9878( 9) 0.9987(24)
14-18-4 102.5 210 0.9876( 9) 0.9977(25)
14-18-5 73.0 299 0.9902( 9) 0.9938(22)
14-18-6 53.5 410 0.9844( 9) 0.9885(22)
| 14-18-7 | 436 511 0.9906( 9) 0.9965(28)
[ 14-18-8 28.5 786 0.9964( 9) 1.0071(24)
14180 | 220 | 1023 | 09953(9) | 1005517) |
Averaged 0.9908 £ 0.0053 0.9908 + 0.0036
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Figure 1. 5. Multiplication factors for *’Pu = 86 wt.%. unreflected cylinders
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1.2.3. Critical assembly with extremely high burnup plutonium.

In this experiment the isotopic compositions (wt.%) of plutonium were as
follows: 0.2% ***Pu, 41.4% **Pu, 42.9% **°Pu, 10.8% >*'Pu, 4.7% **Pu.

The benchmark description was taken from Ref. [2, p. 67]

The plutonium nitrate solution was contained within a 24-inch diameter (61
cm), 105-cm-height stainless steel vessel. A reflector tank enclosed the vessel and
provided at least 20 cm of water on the sides and bottom of the vessel.

The solutions were contaminated by trace amounts of gadolinium. **' Am were
present in the solutions in the amount of 1.08 wt.% Pu.

Among the experiments, the plutonium concentration and nitric acid molarity
were increased and the critical solution height was measured.

No uncertainties were provided for measured values of the critical height,
plutonium concentration and nitric acid molarity. So K experimental error is not
known.

K calculation results are presented in Table 1. 8

If the concentration of plutonium is minimal, a precision of Ky calculation is
the same as for the assemblies with weapon grade plutonium: K are about 1.0 for
MCU and KENO (ABBN-93) codes and equal to ~1.01 for KENO (ENDF/B-V)
code.

With the increase of plutonium’s concentration the K values grow and come
to 0.025 for all codes.

In the Table 1. 9 and Figure 1. 6 the distribution of neutron absorption
according to the isotope’s list is given. The calculation is fulfilled by the MCU code,
all values are normalized to one fission neutron.

It’s likely that the source of a K error of calculations could be found in a
Py neutron data. At the same time it’s the only experiment with so high **'Pu
content and it’s desirable to confirm its results before making the final conclusion.
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Table 1. 8. Multiplication factors for plutonium of extremely high burnup.

Case Plutonium Kesr
g/l 1/ Py MCU KENO-V KENO
(ABBN-93) (ENDEF/B-V)
1 40.6 1106 1.0008( 9) 0.998 1.009
2 46.8 954 1.0016(10) 1.000 1.012
3 56.3 780 1.0054(12) 1.002 1.016
4 65.1 671 1.0066(14) 1.006 1.018
5 75.6 572 1.0108(15) 1,008 1.017
6 85.5 500 1.0122(15) 1.012 1.020
7 993 425 1.0233(15) 1.016 1.022
8 116.0 360 1:0242(15) 1.022 1.023
9 _1400 | 29 | 10253(15) | 1.022 __ 1025 ||
Table 1. 9. Neutron balance.
Case | H*Pu | Ko Absorption Leakage
Bopy 240py 2py Rest
I 1 1106 1.0008 0.378 0.185 0.116 0.303 0.019
2 954 1.0016 0.380 0.190 0.115 Y} 0.293 0.022
3 780 1.0054 0.383 0.197 0.115 0.282 0.024
4 671 1.0066 0.386 0.203 0.115 0.272 0.026
5 572 1.0108 0.391 0.209 0.115 0.261 0.026
6 500 1.0122 0.392 0214 0.114 0.255 0.025
7 425 1.0233 0.399 0.222 0.115 0.239 0.026 '
8 360 1.0242 0.401 0.229 0.114 0.231 0.025 !
9 290 1.0253 0.406 0241 | 0.114 0.220 0.023
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1.3. Mixed plutonium and uranium nitrate solution

1.3.1. Water reflected cylinder.

These critical experiments are described in Handbook [1, v. 1.b, MIX-SOL-
THERM-002].

Mixed plutonium-uranium nitrate solution was contained in thin-walled,
stainless steel cylindrical vessel. Cylinder has an inside diameter of 69 ¢m and height
of 109 ¢m. Critical heights of a fissionable solution were equal to 76.80 cm, 83.14 cm
and 81.72 cm.

The tank was centered in the cuboid water reflector, which is about 100 cm by
100 cm and 123 cm high. A distance between bottoms of the inner and outer vessels
was equal to 16 cm.

Rations of plutonium to Aplutonium plus uranium were equal to 0.52 and 0.23.
Plutonium contained 8 wt.% 2“Pu. **’U isotope content in uranium was equal to
0.702 wt.% in experiments number 058 and 059 and equal to 0.438 in experiment
number 061.

An uncertainty of Kesr benchmark models was evaluated as 0.0024.

Calculation K. results are presented in Table 1. 10. and . Figure 1. 8

Results obtained are similar to ones of pure plutonium nitrate solution.

Table 1. 10. Multiplication factors for mixed plutonium and uranium solution of
cylindrical geometry

Case Plutonium Uranium Kefr ”
Number o 1/ ™p o MCU | KENO-V | MCNP
u (ABBN-93) | (ENDF/B-V)
058 11.88 240 11.05 | 1.0005(10) | 0.9945(5) | 1.0082(2)
059 11.73 243 10.78 | 1.0012(11) | 0.9963(5) | 1.0074(5)
061 12.19 | 231 41.04 | 1.0013(12) | 0.9963(5) | 1.0079(4)
Averaged 1.0010 0.9957 1.0078
+0.0004 + 0.0008 +0.0003
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1.3.2. Annular cylindrical geometry.

These critical experiments are described in Handbook [1, v. 1b, MIX-SOL-
THERM-001].

This assembly is typical of a storage configuration for fissile materials. A mix
of plutonium (8 wt % 240Pu) and uranium (nature condition) nitrate solution filled the
annular cylindrical vessel and was surrounded with a water reflector. The annular
cylindrical inset was placed in the central region of the annular tank. In most of the
experiments, the inset was fabricated from borate concrete. An interior to the inserts
was a stainless steel bottle containing an additional plutonium-uranium nitrate
solution. In Case 99 cadmium-covered polyethylene inserts were used. In cases
considered here, the critical height changed from 27.5 to 79.2 cm.

An uncertainty of K.g benchmark models was evaluated as 0.0052 of 99

~ experiment and as 0.0016 of all other cases.

Calculation Kesr results are reported in Table 1. 11 and shown in Figure 1. 9.

For MCU codes results are similar to ones of pure plutonium solution.

For KENO-V with ABBN-93 data and for MCNP (ENDF/B-V) code
calculation value of Ko fall approximately in 0.01. It is surprising because that
uranium absorbs no more then 5% fission neutrons.

Table 1. 11. Multiplication factors for mixed plutonium and uranium solution
of annular geometry.

;—‘— : — —_— —
Case Plutonium F;ramum Kesr
Number gl | H/*®Pu g/l MCU KENO-V | MCNP
(ABBN-93) | (ENDF/B-V)
87 102.19 233 365.2 | 0.9931(14) | 0.9842(8) | 0.9981(10)
95 19561 125 6.5 10.9998(13) | 0.9878(9) | 1.0030(12)
97 583 477 2.3 | 0.9988(12) | 0.9888(8) | 1.0051(12)
99° 73.64 349 250.3 | 0.9968(12) | 1.0003(8) | 1.0098(10)
108 47.08 569 161.7 | 0.9977(10) | 0.9866(8) | 1.0028(11)
A 0.9979 0.9895 1.0038
veraged
[L _ _+£00023 | +£00051 | +0.0035 |

* with polyethylene
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1.4. Solutions of plutonium nitrate poisoned with gadolinium

These critical experiments are described in Ref [2, p. 48]

Critical configurations were 61-cm-diam cylinders surrounded by a thick
water reflector on the bottom and at the sides. A water level height of the reflector
considerably exceeded the heights of the solution in the central vessel.

Two series of experiments have been realized. In the first series, the solution
contained 116 g of plutonium per liter of solution (H /#°Pu = 520), the critical height
was varied from ~15 cm up to ~ 8 cm. In the second one, the solution contained 363 g
of plutonium per liter of solution (H /2°Pu = 135), the critical height varied from ~ 26
cmup to ~ 59 ¢m.

The **°Puy isotopic content in Pu was equal to 8 wt.%.

The uncertainty in K. from the uncertainty in plutonium concentration may be
~ monotonic with increasing gadolinium concentration.

g Pu/l g Gd/l SKesr
116 0.00 +0.0049
116 238 +0.0031
363 440 +0.0020
363 1258 | +0.0015

Calculation results are given in Table 1, 12 and Figure 1. 10. In addition to K
values, in this Table the fraction of fission neutron absorbed by gadolinium is
presented.

In this section, it was not expedient to average values of calculated results, it
was more important to estimate the dependence of calculation-to-experiment
differences on the gadolinium concentration.

In low and high concentration of plutonium, the difference between the
calculation and experimental data does not show a clearly expressed dependence on
gadolinium concentration. For all codes, a scatter of calculated Ketr does not exceed a
value of experimental errors, '

Let’s compare present results with the case of pure plutonium. At that, we
assume that results of pure plutonium are reliable.

All codes give K. for poisoned solution less then for pure one. A difference is
equal to 0.005+0.01. It is evident that a capture cross section of gadolinium is too high
in all neutron data. At the same time, this conclusion seems to be in contradiction with
the fact that Ky calculated is’t depend on the atomic rations of gadolinium to
plutonium Gd/Pu and gadolinium to hydrogen Gd/H. So it’s possible that the real
reason for calculation errors is some error of the benchmark model.



Table 1. 12. Multiplication factors for gadolinium-poisoned solution

ﬂf Case Gadolintum Kefr Gd
Number MCU KENO-V KENO-V a
g Gdil (ABBN-93) | ENDEB-vy | R(cap)
116 g Pu/l
116-1 0.00 0.9958(12) 0.994 1.0057(12) 0.0
116-2 0.48 0.9997(11) 0.995 1.0051(20) 0.074
116-3 0.96 0.9967(11) 0.993 1.0063(17) 0.116
116-4 1.42 1.0019(10) 0.992 1.0128(16) 0.159
116-5 1.92 0.9943(10) 0.991 1.0090(13) | 0.198
116-6 238 0.9974(16) 0.990 1.0095(15) 0.228
363 g Pu/l
363-1 4.40 0.9979( 6) 0938 1.0033(17) | 0.076
363-2 528 0.9965(11) 0.991] 1.0020(17) 0.086
363-3 6.28 0.9943(11) 0.992 1.0002(18) 0.095
363-4 8.21 0.9940(10) 0.989 0.9985(15) 0.112
363-5 9.88 0.9950(10) 0.990 0.9994(17) 0.124
363-6 12.58 0.9950(10) 0.992 0.9997(15) 0.139
363-7 15.55 0.9944(11) 0.990 0.9980(16) | 0.153
363-8 18.4 0.9906(11) 0.991 0.9986(15) 0.165
363-9 20.25 0.9911(11) 0.989 0.9984(15) | 0.173
* calculated by MCU code
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2. CRITICAL ASSEMBLIES WITH POLYSTYRENE AS THE
MODERATOR

2.1. Homogenous PuO,—polystyrene at low hydrogen content
The experiment is described in Ref. [2, p. 24].

The cores were rectangular parallelepipeds composed of PuQO,-polystyrene. A
15.25-cm-thick Plexiglas reflector was placed on each face of the core. Cases differ
by dimensions of the core.

The hydrogen-to-plutonium (H/Pu) atomic ratio was equal to 5. The isotopic
composition of plutonium was 11.5 wt % 240Py.

The benchmark model not including the rubberized plastic coating of each fuel
compact. The effect of plastic coating on criticality was obtained by experiment.
Value of correction is not reported.

Four critical configurations were investigated. Main parameters of the
assemblies are indicated in Table 2. 1 together with uncertainty of K.y benchmark
models.

Calculated multiplication factors are given in Table 2. 2 and shown in Figure
2. 1. MCNP code predicts Kegr values over MCU code at ~ 0.02. Experimental
Keer=1 are placed in the middle between MCNP and MCU results.

MCU results are differing from KENO-V (ABBN-93) ones in about 0.0005.
At the same value of MCNP (ENDF/B-V) differ from KENO-V (ENDF/B-V), but
difference has opposite sign.

Table 2. 1. Critical parameters.

Case Critical Dimensions, cm Plutonium Kerr
Number Length Width Height kg Uncertainty
1 25.88 2588 - 19.04 27.66 + 0.0006
2 31.24 30.96 14.77 30.94 +0.0015
3 41.66 41.28 11.03 41.20 + 0.0009
4 52.07_ 51.60 938 54.78 + 0.0008

Table 2. 2. Multiplication factors of PuO;-polystyrene at low hydrogen content.

Case Kesr
Number MCU MCNP KENO-V KENO-V
(ENDF/B-V) | (ABBN-90) | (ENDF/B-V))

1 0.9917(15) 1.0092(12) 0.9971(8) 1.0041(25)

2 0.9905(10) 1.0108(11) 0.9948(8) 1.0070(25)

3 0.9801(10) 1.0150( 9) 0.9961(8) 1.0109(24)

I 4 0.9901(14) 1.0139(11) 0.9966(8) 1.0086(27)

[ Averaged 0.9904 1.0122 0.9962 1.0077

+0.0009 +0.0023 +0.0009 +0.0025
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2.2. Low-moderated mixtures of plutonium and uranium
oxides with polystyrene

The experiment is described in Ref. [1, v. VI, PU-COMP-INTER-001].

The cores were rectangular parallelepipeds composed of mixtures of PuO, and
UO; with polystyrene. In all cases except two, the assemblies had thick Plexiglas
reflectors.

The plutonium content was equal to 11.5 wt % 240Pu. Uranium depleted to
0.2 wt.% 235U was used. The fuel contained 8, 15, or 30 wt.% plutonium. The
H/(U + Pu) atomic ratios were equal to 2.8, 2.86, and 7.3

The compacts were clad with thin tape. Experimentally and by calculation, was
shown that this tape not affect on critical parameters. That tape was not account in the
isotope density.

A Kefr uncertainty is not indicated in the benchmark specification.

The sizes of the core are indicated in Table 2. 3.

Kes calculation results for these experiments are provided in Table 2. 4 and
demonstrated at Figure 2. 2.

Table 2. 3. Critical dimensions.

Case Core dimensions, cm
Number Lenght | Width | Height
Pu/(U+Pu) =29.3 H/AU+Pu)=2.8 H/”°Pu=38

1 50.9 50.8 45.8

2° 50.9 55.9 42.7

29-1 35.6 35.6 36.5

29-2 40.7 40.7 28.9

293 458 457 26.0

29-4 50.9 50.8 22.1

29-5 50.9 50.8 22.1
29-6 61.1 50.8 20.4 |

29-7 61.1 61.0 19.0

29-8 61.1 66.1 18.5

29-9 71.3 66.1 18.0

b infinite infinite 12.9

Pu/(U+Pu) = 15.0 H/(U+Pu)=2.86 H/ *Pu=17

151 | 50.9 | 50.8 | 54.7
Pw/(U+Pu)=8.1 H/(U+Pu)=73 H*¥Pu=80 I

8-1 50.9 45.7 472

8-2 50.9 55.9 39.7

8-3 61.1 61.0 33.7

8-4 71.3 66.1 30.2

* unreflected

® case represents a linear extrapolation of data from finite assemblies



Table 2. 4. Multiplication factors of low-moderated PuO,-UO,-polystyrene.

Case Ket
Number MCU KENO-V KENO-V
(ABBN-90) (ENDF/B-V))
Pu/(U+Pu)=29.3 H/A(U+Pu)=2.8 H/*°Pu=38 A
la 0.9944(10) '
2 a 0.9951(12)
29-1 0.9886(14) 0.9887(7) 0.9997(23)
29-2 0.9917(14) 0.9874(7) 0.9943(23)
29-3 0.9974(11) 0.9966(7) 1.0077(24)
29-4 0.9875( 8) 0.9874(7) 0.9865(21)
I 29-5 0.9912(15) 0.9861(7) 0.9930(20)
29-6 0.9870(11 0.9874(7) 0.9936(22)
29-7 0.9998(16) 0.9856(6) 0.9962(27)
29-8 0.9870( 7) 0.9848(7) 0.9970(24)
29-9 0.9931(13) 0.9890(7) 0.995021) |
b 0.9933(14)
Averaged 0.9922 +0.0040 | 0.9881£0.0031 | 0.9959 +0.0051
Pw/(U+Pu) = 15.0 HAU+Pu)=2.86 H/ A *Pu=17
15-1 | 0.9925(11) | 09848(21) |  0.9828(6)
Pu/(U+Pu)=8.1 H/(U+Pu)=7.3 H/Pu=30
8-1 1.0080(12) 1.0122(27) 0.9950(7) I
8-2 1.0066( 9) 1.0157(27) 0.9930(7)
8-3 1.0090(11) 1.0150(27) 0.9949(7)
o BA ] 1.0045(12) | .. 1.0163(27) | ....0.994%(7)
Averaged 1.0070 £0.0017 | 1.0148 +0.0016 | 0.9945 + 0.0008
Averaged by | 0.9957 +0.0072 | 0.9955+0.0125 | 0.9945 +0.0055
all cases
* unreflected

® case represents a linear extrapolation of data from finite assemblies
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2.3. Homogeneous mixtures of polystyrene moderated
plutonium and uranium oxides.

The description of these critical assemblies was taken from Ref [4, Revision 2].

The experiments determined the critical geometric dimensions of stacked
compact in the form of rectangular parallelepipeds. A compact was fabricated with
MOX fuel and polystyrene. In all experiments a 15-cm-thick Plexiglas was used as a
reflector.

Four different homogeneous PuO,-UO,-polystyrene mixtures were used. Main
physical parameters of the mixtures are (approximately):

Mixture 1: g(Pu+U)/liter = 843, 7.6 wt.% Pu, H/Pu =280, H/U =20

Mixture 2: g(Pu+U)/liter = 360, 7.89 wt.% Pu, H/Pu = 660, H/U = 55

Mixture 3: g(Pu+U)/liter = 580, 14.62 wt.% Pu, H/Pu =210, H/U =35

Mixture 4: g(Put+U)/liter =373, 30.0 wt.% Pu, H/Pu= 160, H/U = 70

The **Pu isotopic content in Pu was 23 wt.% for Mixture 1 and 8 wt.% for
Mixture 2,3,4. In all cases the uranium was depleted to 0.151 wt.% 2°U.

The core is constructed with fuel compact length and width of 5.09 cm. Main
part of the compact has height of 5.09 c¢m too, and the rest has height of 3.81 cm or
1.28 cm. Each fuel compact was clad with tape 0.06-cm-thick. Between them there
was a small void.

Only the description of assemblies with Mixture 1 corresponds entirely to the
reality.

Assemblies with Mixtures 2,3,4 are described roughly: the value of critical
height of cores in absence of clad and voids are given. Redaction in critical heights is
15%, 4% and 2% for Mixtures 2, 3 and 4. It isn't clear from description if redaction in
lengths and widths was made.

Note that assemblies investigated have nearly thermal neutron spectrum. And
so the Chlorine (™, = 33 b) contained in the tape gives considerable contribution in a
neutron capture.

Critical dimensions of the reactor cores are given in Table 2. 5.

The K. calculation results presented in Table 2. 6.

Within a section a scatter of the data is not sizeable. The averaged Kes are
presented in the same Table and demonstrated at Figure 2. 3.

As for MCU code, the calculations give fine results for the precisely described
assembly with Mixture 1 and satisfactory results for assemblies with Mixture 3 and 4.
For these assemblies the difference in the values of real and effective critical heights
is not large. For assemblies with Mixture 2 the difference of calculated K.y value
from 1 is equal nearly 0.02. It is possible that the difference is connected with an error
in effective critical value. Here the redaction of critical height is equal to 15%.

KENO-V code with ABBN-93 data and MCNP code with ENDF/B-VI data
give very close results for all cases. Note they are heavily different from previous
results when MCNP with ENDF/B-V data were used.

9]
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Table 2. 5. Critical dimensions and masses.

Case Core dimensions, cm Critical mass, cm
Number Length I Width I Height Pu U
Mixture 1
1 61.1 66.2 11.9 3.1 37.5
2 61.1 61.1 9.1 22 26.5
3 66.2 66.2 10.3 2.9 352
4 61.1 50.9 9.5 1.9 23.0
5 61.1 56.0 10.9 2.4 29.1
6 50.9 50.1 11.5 1.9 22.8
Mixture 2
1 40.7 457 32.9 1.74 203
2 50.9 50.8 26.4 1.94 22.6
3 61.1 61.0 22.7 2.39 27.9
4 61.1 66.0 22.1 2.53 295
5 61.1 55.9 232 2.25 26.3
6 6l1.1 50.8 244 2.15 25.1
7 407 40.6 364 1.71 20.0
Mixture 3
1 30.5 40.7 298 3.1 18.4
2 40.7 40.7 23.8 34 19.6
3 458 50.9 19.8 3.9 22.9
4 50.9 50.9 18.9 472 243
5 61.1 50.9 17.7 47 273
6 61.1 61.1 16.5 53 307
Mixture 4
1 30.5 30.5 309 32 7.5
2 356 35.6 24.0 34 7.9
3 40.7 40.7 20.2 3.8 8.8
4 50.9 4538 17.1 4.5 10.4
5 61.1 50.9 15.5 54 12.7
6 61.1 56.0 15.2 5.8 13.5
7 66.2 61.1 144 6.5 15.2
8 509 | 509 | 165 48 11.1
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Table 2. 6. Multiplication factors for PuO,-UQ,-Polystyrene.

Case Ketr
Number MCU MCNP KENO-V
(ENDEF/B-VI) (ABBN-90)
" Mixture 1
1 1.0013(18) 0.9821(15) 0.9855(7)
2 1.0015(18) 0.9866(13) 0.9860(7)
3 0.9999(55) - 0.9853(12) 0.9842(7)
4 1.0027(27) 0.9865(14) 0.9878(7)
5 1.0000(20) 0.9886(13) 0.9886(7)
I 6 | .. 1.0014(16) | 0.9911(13) | ¢ 0.9900(7)
Averaged | 1.0011+0.0009 | 0.9867 % 0.0026 | 0.9870 + 0.0018 ||
lr Mixture 2
1 1.026 (1) 1.0296(14) 1.0279(7)
2 1.022 (1) 1.0232(14) 1.0223(7)
3 1.016 (1) 1.0214(12) 1.0195(7)
4 1.016 (1) 1.0210(21) 1.0193(7)
5 1.017 (1) 1.0187(12) 1.0162(7)
6 1.018(2) 1.0235(14) 1.0222(7)
________ 7o) 1.0202) | 1.0294(13) | 1.0295(7)
Averaged | 1.0193 +0.0034 | 1.0238 +0.0034 | 1.0224 +0.0034
Mixture 3
1 1.0072 (12) 1.0184(8) 1.0150(16)
2 0.9956 (12) 1.0159(8) 1.0189(13)
i 3 0.9916 (12) 1.0144(8) 1.0133(14)
| 4 0.9927 (13) 1.0132(8) 1.0111(14)
5 0.9903 (13) 1.0131(8) 1.0157(16)
I 6 ]..09907(13) | _10101(7) | 10155(14)
Averaged | 0.9947 +0.0059 | 1.0142 +0.0026 | 1.0149 +0.0024
Mixture 4
1 0.9965 (12) 1.0069(16) 1.0063(8)
2 0.9956 (12) 1.0082(13) 1.0071(8)
3 0.9916 (12) 1.0070(15) 1.0082(8)
4 0.9927 (13) 1.0031(15) 1.0034(8)
5 0.9903 (13) 1.0047(15) 1.0055(8)
6 0.9907 (13) 1.0024(15) 1.0057(8)
7 0.9939 (13) . 1.0085(13) 1.0062(8)
________ 8 ...]...09938(13) | 1.0057(14) | 10053(8)
Averaged | 0.9931+0.0021 | 1.0058+0.0021 | 1.0060 +0.0013
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Figure 2. 3. Averaged multiplication factors for PuO,-UO,-Polystyrene mixtures
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2.4. Neutron poison plates in PuO,— UQ,— polystyrene mixtures.

Three compositions of the poison plate were considered: copper, aluminum

and copper-cadmium (0.989 wt% Cd).
In benchmark specification the geometry of all assemblies is described without
simplifications, including the compact clad and voids between compact.
Two different homogeneous (Pu-U)O, polystyrene mixtures were used. Main

physical parameters of the mixtures are (approximately):

Mixture 1: g(Pu+U)/liter = 580, H/Pu =210, H/U =35

Mixture 2: g(Pu+U)/liter = 3450, H/Pu= 10, H/U=4
The **Pu isotopic content in Pu was 8 wt.% for Mixture 1 and 12 wt.% for Mixture 2.
In all cases the uranium was depleted to 0.151 wt.% *°U.

K. calculation results are presented in Table 2. 7 and Table 2. 8.

In all cases any trend in Kes dependence on poison plate thickness is not seen.
- Averaged values of K. calculated are shown at Figure 2. 4.

For Mixtures 1 assemblies with thermal neutron spectrum, MCU code gives
Ker values close to 1 and KENO-V (ABBN-93) code gives K equal to
approximately 1.01.

For Mixtures 2 assemblies with hard neutron spectrum, MCU code predicts
Kesr values nearly to 0.99 and KENO-V (ABBN-93) code gives K values close to 1.

For both Mixtures and for all poison plates obtained with MCU and ABBN-93
data differ in about 0.01. ‘



Table 2. 7. Multiplication factors of assemblies with different poison plate.

Mixture 1
Case Poison Plate Ker
Number cm MCU KENO-V
(ABBN-93)
COPPER

1 0.337 0.9984(14) 1.0096(8)

2 0.637 1.0009 14) 1.0089(7)

3 1.290 1.0020(14) 1.0107(7)

4 1.927 1.0020(14) 1.0089(8)

il 5 2.580 0.9999(13) 1.0107(7) I
6 0.337 0.9999(14) 1.0066(8) ||

7 0.337 + 0.337 0.9981(13) 1.0112(7)

8 1.290 + 1.290 1.0010(13) 1.0103(7)

9 1.927 + 1.927 1.0032(14) 1.0098(7)
|10 L 2.565+2.565 | 1.0044(14) | . 1.0093(7) .
Averaged 1.0010 £ 0.0019 | 1.0096 £ 0.0012

ALUMINUM

1 0.316 0.9950(13) . 1.0095(8)

2 0.645 0.9951(14) 1.0105(7)

3 1.983 0.9952(14) 1.0106(7)

4 2.676 0.9968(13) 1.0105(8)

5 0316+0317 |  0.9977(14) 1.0120(7)
I T O 2628 +2.629 | 0.9950(14) | _...1.0099(7) _
Averaged 0.9958 +0.0011 | 1.0105 + 0.0008

COPPER-CADMIUM

[ 1 0368 1.0003(13) 1.0108(7)

2 2.160 0.9988 (14) 1.0093(7)

3 0.368 1.0014 (13) 1.0120(7)

4 0.368 0.9983(13) 1.0117(8)

5 0.368 + 0.354 1.0085(14) 1.0121(8)
Averaged 1.0015£0.0011 | 1.0112 +0.0011

WITHOUT PLATE
1 | — | 0.9968(15) |  1.0072(8)




Table 2. 8. Multiplication factors of assemblies with different poison plate.

Mixture 2
Case Poison Plate Kesr
Number cm
MCU KENO-V
(ABBN-93)
COPPER :
1 0.337 0.9911 1.0005(7)
2 0.974 0.9928 1.0024(6)
S SO 1964 | 09933 | . 1.0131(6)
Averaged 0.9924 = 0.0009 1.0053 +0.0056
ALUMINUM
1 0316 0.9901(12) 0.9995(7) "
2 0.961 0.9874(13) 1.0009(7)
S S 1971 . 09895(13) | . 1.0019(7)
Averaged 0.9890 + 0.0012 1.0007 £0.0010
COPPER-CADMIUM
1 0.368 0.9838(13) 10.9996(6)
2 1.085 0.9851(12) 1.0029(7)
______ 302160 | 09874(13) |  10043(7)
Averaged 0.9854 +0.0015 1.0023 £ 0.0020 "
WITHOUT PLATE
1| - | 0.9972(14) | 1.0023(6)
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2.6. Discussion

For critical assemblies with polystyrene investigated, precision of a Keg
calculations depends not only on plutonium neutron data but on uranium and poison
materials data too. Nevertheless consider dependence of Keg calculated only on H/Pu
ratio. )

Kegr calculation results by MCU code are shown in Figure 2. 5. The calculation
results for the water also are given there.

Kett
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i e Polystyrene
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1.01 50

: { Vo oo

i 0980

1 ol 31, f%
1.00 : & + & ,
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1 10 ‘ 100 1000

H/Pu

Figure 2. S Multiplication factors for assemblies with polystyrene and water as
the moderator

For assemblies with soft neutron spectrum (high H/Pu ratios) K. values are
nearly 1 for both moderators. When a H/Pu ratio decreases and neutron spectrum
becames harder, a K. value tends to diminish for assemblies with polystyrene.

At the first glance it’s the evidence of a problem of plutonium resonance cross
sections. In the same time it’s likely that K. dependence on H/Pu ratio is connected
with imperfect description of neutron thermalization. Let’s dwell on this subject.

As known, thermal neutron scattering law S(a,B) of an atom depends on
chemical structure of the matter which contains this atom. And so S(o,B) of hydrogen
combined in water, polyethylene, hydride of a metal etc is different.

S(at,B) of hydrogen in polystyrene is not known: an experimental investigation
was not performed and a theoretical models was not constructed.

In the current work, all codes have used for polystyrene the polyethylene
scattering law. Structures of both matters are shown at the picture bellow. It illustrates
that chemical bounds of hydrogen of polyethylene and of polystyrene are heavily
ditferent so that S(o..p) should significantly differ too.
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An error of a scattering law has slight influence on spectrum of thermal neutrons if
H/Pu ratio is large (for extremely high ratio neutron spectrum is close to Maxwell
spectrum for any scattering law). Contrary, for low H/Pu ratio details of the scattering
law affect significantly on neutron spectrum.
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3. CLEAR LATTICES OF MOX RODS IN WATER.

3.1. MOX fuel with 20 wt.% Pu

The experiment is described in Ref. [1, v. VI, MIX-COMP-THERM-001].

The experimental configuration comprised an array of fuel rods within a large
water tank. The fuel rods were located on a square pitch that varied within
experiments. Cross section of fuel regions had rectangular shape.

In each experimental lattice assembly, the core was surrounded on all sides by at
least 15 cm of a water reflector.

The rods were ~2.4 m in full length and ~91 cm fuel length. The outer diameter
was equal to 0.58 cm. The fuel pin of 0.48 cm diameter was clad stainless steel.

The fuel was a mixture of PuO, and UO, with the pins comprising 19.7 wt.%
- plutonium. The plutonium contained 11.5 wt.% ***Pu. The natural uranium was used.

Main parameters of the assemblies are given in Table 3. 1. The K.
uncertainties of the benchmark models are also indicated.

Calculation results are presented in Table 3. 2 and Figure 3. 1. The KENO-
V (ENDEF/B-V) results are taken from Ref. [3, p.76].

In the case of ENDF/B-V data, there is trend of the K. calculated value
increase with the increase of water/fuel ratio.

In the case of ABBN-93 database, the calculation results don't depend on
- Vm/Vr value, but Keg calculated are less then 1 in ~0.01.
MCU code predicts K.s values without an error.

Table 3. 1. Parameters of the lattices.

Case Number Pitch Vu/VE H Py SKesr
Number | of Rods cm
1 605 0.9525 1.52 24 + 0.0025
2 279 1.2580 3.69 59 + 0.0026
3 205 1.5342 6.18 98 +0.0032
4 162 1.9050 10.28 163 + 0.0039

Table 3. 2. Multiplication factors of the lattices of the MOX fuel rods
with 20 wt.% Pu

Case | Vu/Vr Ketr q
l Number | - MCU KENO-V KENO-V
(ABBN-93) (ENDF/B-V)

1r 1 1.52 1.0035(10) 0.99055(11) 0.9931(25) l

2 3.69 0.9985(10) 0.99089(12) 0.9980(26) |

3 6.18 0.9982(10) 0.98547(12) 0.9992(24) |
LL 4 10.28 0.9997(10) 0.98956(12) 1.0046(25)
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Figure 3. 1. Multiplication factors of the lattices of the MOX fuel rods
with 20 wt.% Pu
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3.2. MOX fuel with 2 wt.% Pu

The experiment is described in Ref. [1, v. VI, MIX-COMP-THERM-002].

In this series of experiments as in the previous one, square lattices of fuel rods
inserted in a large water tank were studied. Three lattices with the different pitches
were studied. The critical state was determined for each lattice in both pure and
borated water.

The outer diameter of the rods and diameter of the fuel pin were equal to 1.44
and 1.28 cm, respectively.

The fuel was a mixture of natural uranium with 2 wt.% of plutonium dioxide
containing 8 wt.% of 240Py.

Main parameters of the assemblies are given in Table 3. 3. together with K

of the benchmark models. :
_ The calculation results are presented in Table 3. 4 and Figure 3. 2. The KENO-
V (ENDF/B-V) results are taken from Ref. [3, p.80]. '

All codes give close results with a weak trend of ke value increase with the
lattice pitch increase.

Table 3. 3. Parameters of the lattices.

— —

Case Number Pitch Vw/Vs | Boron | HA 9Pu4_

Number of Rods cm 1°B/H Ker

PNL-30 469 1.778 2.13 360 1.0009+0.0021
PNL-31 761 1.778 2.13 1,14E-4 360 | 1.0007+0.0015
PNL-32 195 2.209 7.15 1200 1.0023+0.0021
PNL-33 761 2.209 7.15 1.80E-4 | 1200 1.0025+0.0037
PNL-34 161 2.514 8.13 1365 1.0039+0.0035
PNL-35 689 2.514 8.13 1.27E-4 | 1365 1.0026+0.0052

Table 3. 4. Multiplication factors of the lattices of the MOX fuel rods
with 2 wt.% Pu

p—— —— —
m——— — m————— I

Keﬂ'

Case Vu/VE

Number MCU MCNP KENO-V | KENO-V

(ENDF/B-V) (ABBN-93) (ENDE/B-V)
Pure Water

PNL-30 | 2.13 1.000(2) 0.9952(8) | 0.9941(10) | 0.9931(16)

PNL-32 | 7.15 1.001(2) 1.0014(8) 1.0009( 8) 0.9980(19)

PNL-34 8.13 ~1.002(2) 1.0050(8) 1.0021(10) 1.0024(15)

Borated Water

PNL-31 | 2.13 1.000(2) 0.9982(8) | 0.9992(10) | 0.9994(15)

PNL-33 7.15 1.005(2) 1.0065(8) 1.0042( 8) 1.0019(13)

PNL-35 | 8.13 1.008(2) 1.0079(8) | 1.0041(10) | 1.0074(13) "
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4. SAXTON CRITICAL EXPERIMENTS.

Benchmark considered is based on critical experiments performed at the
WREC-CRX facility SAXTON plutonium program in year 1965. Description of
experimental configurations and the critical parameters are contained in Ref, [3, p.42].
Additional information and comments were provided by M.Adams Ref][6].
Information about measurement of a pin power distribution in the cores is presented in
Ref [4].

Square array of the fuel rods was placed within a large tank that was filled
with water. The level of the water could be changed in order to made the
configuration critical. Side and bottom reflectors of the core had physically infinite
think.

Two types of fuel rods were used.

The first type (hereinafter UO,) contents dioxide uranium enriched with 5.81

At% U, Outer diameter is equal to 0.993 cm. Stainless steel cladding of 0.076 cm
is used.

The second type (hereinafter MOX) contents the mixture of 6.6 Wt.% PuO,
and UO,. Content of isotope **Pu in plutonium is equal to 8 Wt.%. Uranium is

naturally enriched with >U. Outer diameter of the rods is equal to 0.993 cm.
Zircaloy 4 cladding of 0.12 cm is used.

The lattices with five different pitches were examined: 0.52 inch (1.321 cm),
0.56 inch, (1.422 cm) 0.735 inch (1.867 cm), 0.792 inch (2.012 ¢m), and 1.04 inch
(2.642 cm). (In this context pitch is defined as the distance between centers of the
nearest rods). The positions of fuel rods in the different lattice are shown at the picture
below.

Lattice with pitch Cell with fuel rod

0.52, 0.56 and 1.04 inch

Cell with fuel rod

Lattice with pitch
0.735 inch and 0.792 inch

I:l _Cell without fuel rod

Fuel rod position in lattices.

Indicated lattices have moderator to fuel volumes relation Vy/Vr as follows:
2.0,2.5,338,50,6.0, 11.1 for MOX rods and 1.7, 2.1, 3.3, 4.4, 5.2, 9.8 for UO, rods.
(In VVER type rector core this value is equal approximately to 2).

Core configurations differ one from another with the number and the positions
of MOX and UO; fuel rods. In addition to it, some configurations have certain
specific. The specific could be one of the following:

e Boron acid is dissolved in water:

* five fuel rods in line are moved off (water slot);

* five fuel rods in line are replaced with aluminum plate or with the control rods
composed of unclad alloy of 5% Cadmium. 15% Indium and 80% Silver:

16



o several fuel rods are replaced with ones of the other type.
e Additional lattice of the aluminum void tubes with outer diameter 0.4725 cm is
inserted in a fuel rods lattice.

Main parameters of the cores are presented in Table 4. 1. The layouts of
complicated cores are shown in Fig. below (page 60).

4.1. Multiplication factors calculation results

The calculation results of neutron multiplication factors Kefr are collected in
Table 4. 1 for all investigated cases of core parameters. This Table entirely correlates
with Table 1 of Ref. [3, p. 45].

NCNP code results in Table Table 4. 1 were taken from Ref. [7, Sec.14].

The same data are duplicated in Tables below. There they are classified for
some core parameter. It was done to reveal the dependence of calculation precision on
core parameter.

e In Table 4. 2, Kegr values are presented for the clear cores with MOX fuel only
and with pure water. Kegr depends on a value or (what is the same) on moderator to
fuel volumes relation value.

e In Table 4. 3, such results are presented for UO; fuel.

e InTable 4. 4, Kegr depends on Boron content in the water. The lattice pitch is equal
to 0.56 inch for all cases, only MOX fuel rods were used.

e In Table 4. 5, an influence of different voids is studied. The core investigated has
the lattice pitch equals to 0.52 inch and MOX fuel rods.

e Table 4. 6 and Table 4. 7 contain the results for two-region cores where a lattice of
a certain fuel is surrounded by a lattice of the other type, pure water was used in all
cases.

Data of these Tables are demonstrated at the Figures.
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Table 4. 1. SAXTON core parameters and multiplication factors calculation results.

Core Parameters

o Kesr
Designation |=pr ) Boron Inner Outer Specifics MCU NCNP NCNP KENO-V
(inch) | (ppm) | Region Region (ENDF/B-V) | (ENDF/B-VI) (ABBN-93)
SX1-1b2 | 0.56 0 MOX Fig. 1 0.9943(4) 0.9995(3) 0.9936(3) 0.9908(4)
19x19
SXI1-1d 0.56 0 MOX water slot center. 0.9942(4) 0.9990(3) 0.9929(3) 0.9953(4)
19x19 Fig. 4
SX1-le | 056 | 0 MOX Al slab center. 0.9936(4) 0.9984(3) 0.9927(3) 0.9900(4)
19x19 Fig. 3
SX1-1f 0.56 0 MOX control rods center. 1.0052(3) 0.9990(3) 0.9927(3) 0.9920(4)
21x21 - Fig. 2 o '
SX1-112 | 056 | 25 MOX 0.9939(12) | 0.9988(3) 0.9925(5)
19x19
SXI-113 | 056 | 50 MOX 0.9923(19) | 0.9971(5) 0.9912(5)
19x19
SXI-Iml | 0.56 0 MOX 1.0003(13) | 1.0005(5) 0.9941(5)
21x21
SXI-Im2 | 056 | 228 MOX 0.9955(13) | 0.9976(5) 0.9921(5)
21x21
SXI-Im3 | 056 | 309 MOX 0.9972(13) | 0.9980(5) 0.9924(5)
_ 21x21
SXI-Im4 | 056 | 337 MOX 0.9963(13) | 0.9997(5) 0.9930(5)
21x21
SXI-In | 056 | 337 MOX 0.9944(13)
21x21
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SX1-2b

0792 | 0 ?/2101); 0.9933(13) 1.0057(5) 0.9977(5)

X

SYI-4b 1 0735 | 0 11\/3101)§ 0.9958(13) 1.0041(5) 0.9964(5)
X

SX1-3b 1.04 0 ll\foﬁ 0.9916(13) 1.0071(5) 0.9997(5)
X

SX1-6b 0.56 0 U0, 0.9934(13) | 0.9967(5) 0.9931(5)
19x19

SX1-6d | 0.56 0 1150129 water slot 0.9942(13) | 0.9965(5) 0.9928(5)
X

SXi-6e | 056 | 0 119J()129 Al slab 0.9947(13) | 0.9974(5) | 0.9929(5)
X

SX1-6fu 0.56 0 U0, 0.9995(13) 1.0005(5) 0.9963(5)
21x21 -

SX1-6f 0.56 0 2150221 control rods 0.9939(10) 0.9957(5) 0.9935(5)
X

SX1-6i 0.56 MOX §[0)) 15 0.9918(4) 0.9968(3) 0.9926(3) 0.9941(4)
3x3 19x19

SXi-7b6 | 0.792 0 U0, 0.9914 0.9986(5) 0.9941(6)
13x14

SX1-8b 0.52 0 Uuo, Fig. 16 0.9945(4)
449

SX1-9b | 056 | 1453 | MOX U0, Fig. 5 0.9945(4) | 0.9991(3) | 0.9934(3) | 0.9923(3)
11x11 19x19

SXI-10b | 0.56 | 1425 MOX U0, Fig. 6 0.9966(4) 0.9913(3)
19x19 27x27

SXI-10f | 0.56 0 MOX U0, 3x3 UO; center 0.9960(4) 0.9998(3) 0.9940(3) 0.9941(3)
19x19 27x27 Fig. 12

49




SX1-11b

0.56

1425

MOX

U0, Fig. 14 0.9935(4) 0.9984(3) 0.9933(3) 0.9917(4)
11x11 19x19

SXI-10e | 0.56 0 MOX U0, Fig. 11 0.9966(4) 0.9995(3) 0.9952(3) 0.9918(3)
19x19 27x27

SX1-9¢ | 0.56 0 MOX U0, Al plate 0.9932(4) 0.9981(3) 0.9933(3) 0.9916(4)

| 11x11 19x19 Fig. 10 -

SXI-9f | 056 | 1453 | MOX U0, control rod 0.9953(4) 0.9976(3) 0.9934(3) 0.9952(4)
11x11 21x21 Fig. 7

SX1-10c | 056 | 0 MOX U0; water slot 0.9960(4) 0.9990(3) 0.9952(3) 0.9918(3)
19x19 27x27 Fig. 9

SX1-10d | 0.56 | 1252 | MOX U0; Al plate 0.9964(4) 1.0011(3) 0.9954(3) 0.9914(3)
19x19 27x27 Fig. 8

SX1-12b ] 056 | 0 Uo; MOX Fig. 13 0.9936(4) 0.9994(3) 0.9950(3) 0.9920(3)
19x19 27x27 '

SXI-13f3 | 052 | 0 MOX 8x8 voids 0.9949(13) | 0.9985(5) 0.9906(5)
23x23 centered

SXI-13f4 | 0.52 0 MOX 8x8 voids 0.9997(13) | 1.0010(5) 0.9930(5)
25x23 centered

SX1-13f5 0.52 0 MOX 12x12 voids 0.9939(13) 0.9982(5) 0.9928(5)
25x23 centered

SXI-13f6 | 052 | 0 MOX 72 voids 7 0.9967(13) | 0.9986(5) | 0.9926(5)
25x23 centered

SX1-13f10 | 052 0 MOX 1.0018(5) 0.9931(5)
25x24

0.52 0 MOX 276 voids” 0.9972(13) | 0.9971(5) 0.9926(5)

25x24 centered

SXI-13f8 | 052 0 MOX 153 voids 0.9967(13) | 0.9979(5) 0.9922(5)
25x24 centered
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91 voids

SX1-13/0 | 052 MOX 0.9985(13) | 0.9989(5) 0.9919(5)
25x24 centered

SX1-13f11 | 0.52 MOX 0.9954(13) | 0.9992(5) 0.9920(5)
23x23

SX1-13f12 | 052 MOX 4x4 voids 0.9935(13) | 0.9975(5) 0.9919(5)
23x23 centered

SXI-13f13 | 0.52 MOX 4x4 voids " 0.9956(13) | 0.9975(5) | 0.9917(5)
23x23 out center

SXI-13f14 | 0.52 MOX 4x4 voids ") 0.9947(13) | 0.9975(5) | 0.9918(5)
23x23 out center

SXI-13f15 | 0.52 MOX 4x4 voids 0.9978(13) | 0.9977(5) 0.9920(5)
23x23 out center

SX1-13f16 | 0.52 MOX U0, 4x4 voids 1.0057(13)
23x23 29x29 centered

SX1-13f17 | 0.52 MOX U0, 8x8 voids 1.006(13)

' 23x23 29x29 centered
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Table 4. 2. Multiplication factors depended on lattice pitch.

MOX fuel rods
P
Designation Core Parameters Kesr ‘
Vw/Vr | Fuel MCU NCNP NCNP | KENO-V
(ENDF/B-V) | (ENDF/B-VI) | (ABBN-93)
SXI-1311 | 20 | MOX 1.0018(5) | 0.9931(5)
25x24
SXI-13f11 | 2.0 | MOX | 09954(13) | 0.9992(5) | 0.9920(5)
23x23
SX1-1b2 25 | MOX | 0.9943(4) | 0.9995(3) | 0.9936(3) | 0.9908(4)
19x19
SXI-Iml 2.5 | MOX | 1.0003(13) | 1.0005(5) | 0.9941(5)
21x21
SX1-4b 5.0 %IOX 0.9958(13) | 1.0041(5) | 0.9964(5)
x13
SX1-2b 6.0 | MOX 1 0.9933(13) | 1.0057(5) | 0.9977(5)
12x12
SX1-5b IL1 | MOX 1 0.9916(13) | 1.0071(5) | 0.9997(5)
_ _ | 1ixl1
—&— MCU
Keff MOX fuel --3- - NCNP (ENDF/B-V)
— A— NCNP (ENDF/B-VI)
1.010 7 X KENO-V (ABBN-93)
I N .0
1.005 LA
- ‘_E]‘
] m
1.000 & +—x
i \\6\, e
0.995 - l},, = i N
i 9\_
: %x I
0.990
0 2 4 6 8 10 12
\VAWAVA

Figure 4. 1. Multiplication factors depended on lattice pitch.



Table 4. 3. Kfr calculation results depended on lattice pitch.

Vi / Ve

UO; fuel rods
Designation Core Parameters Ketr
I Vu/ Ve Fuel MCU NCNP NCNP
(ENDF/B-V) (ENDF/B-VD)
SX1-8b 1.7 U0, 0.9945(4)
449
SX1-6b 2.1 U0, 0.9942(13) 0.9965(5) 0.9928(5)
19x19 :
SX1-6fu 2.1 U0, 0.9995(13) 1.0005(5) 0.9963(5)
21x21 _
SX1-7b 5.2 U0, 0.9914(13) 0/9986(5) 0.9942(5)
13x14
Kese UO, fuel o MCU
1.005 ] -+ 8- - NCNP (ENDF/B-V) ||
T — -A— -NCNP (ENDF/B-VI)
1.000
0.995
0.990
0 2 4 6

Figure 4. 2. Multiplication factors depended on lattice pitch.




Table 4. 4. K¢ calculation results depended on Boron content.
MOX fuel rods, 0.56 inch lattice pitch.

ir
L Core P
Designation ore Parameters Kest "
Boron Fuel MCU NCNP NCNP
(ppm) (ENDF/B-V) (ENDF/B-VI)
SX1-1b2 0 MOX 0.9943(4) 0.9995(3) 0.9936(3)
19x19
SX1-1ml 0 MOX 1.0003(13) 1.0005(5) 0.9941(5)
21x21
SX1-112 25 MOX 0.9939(12) 0.9988(3) 0.9925(5) ||
19x19
SX1-113 50 MOX' | 0.9923(19) 0.9971(5) 0.9912(5)
19x19
SXi-Im2 | 228 MOX 1 0.9955(13) 0.9976(5) 0.9921(5)
21x21
SX1-Im3 309 MOX 0.9972(13) 0.9980(5) 0.9924(5)
21x21
SX1-Im4 337 MOX 0.9963(13) 0.9997(5) 0.9930(5)
21x21
SXI-In 337 MOX 0.9944(13)
21x21
Keff —&— MCU
- - 3 - - NCNP(ENDF/B-V)
1.005 — -A— NCNP(ENDF/B-VI)
1.000 - oI
- - .m . -
1 . N I ET
] 1 R R A\?
0.995 EL &
A A
1 A R ——A————— T
J A-—-——"T"
0.990
0 100 200 300 400

Boron (ppm)

Figure 4. 3. Multiplication factors depended on Boron content.



Table 4. 5. K¢ calculation results depended on voids.
MOX fuel rods, 0.52 inch lattice pitch.

) ) Core Parameters K
Designation eff
Fuel Voids MCU NCNP NCNP
(ENDF/B-V) (ENDF/B-VI)
SX1-1b2 | MOX no 0.9943(4) 0.9995(3) 0.9936(3)
19x19
SXi-Imi | MOX no 1.0003(13) 1.0005(5) 0.9941(5)
21x21
SXI1-13f12 | MOX 4x4 0.9935(13) | 0.9975(5) 0.9919(5)
23x23 centered
SXI-13f13 | MOX 4x4 0.9956(13) 0.9975(5) 0.9917(5) |
23x23 | 3 cells west '
SXI-13f14 | MOX 4x4 0.9947(13) 0.9975(5) 0.9918(5)
23x23 | 6 cells west
SXI-13f15 | MOX 4x4 0.9978(13) 0.9977(5) 0.9920(5)
23x23 | 9 cells west
SX1-13/3 | MOX 8x8 0.9949(13) 0.9985(5) 0.9906(5)
23x23 centered
SXI-13f5 | MOX 12x12 0.9939(13) | 0.9982(5) 0.9928(5)
25x23 centered .
SX1-13f6 | MOX 72 0.9967(13) 0.9986(5) 0.9926(5) |l
25x23 centered
SXI1-139 | MOX 919 0.9985(13) | 0.9989(5) 0.9919(5)
25x24 centered
SXI-13/8 | MOX 1539 0.9967(13) | 0.9979(5) 0.9922(5)
25x%24 centered
pA
SXI-13f7 | MOX 276 ¥ 0.9972(13) | 0.9971(5) 0.9926(5)
25x24 centered _

Y 12x12 lattice, one of two in line
' 13x15 lattice, one of two in line
) 17x18 lattice, one of two in line
4 23x24 lattice, one of two in line

[9)]
n




1.000

0.998

B MCU
NCNP (ENDF/B-V)
NCNP (ENDF/B-VI)

0.996

LA
777772

AT AA70%5
L A

vz ziziriA

4x4
** 9x4 34x4 64x4 9

NN
QAN

NN

72 1
8X8 C oyq2¢c 2 €21 Ce153 c276 ¢

Figure 4. 4. Multiplication factors of the lattice with voids.



Table 4. 6. K¢ calculation results for two region cores.
MOX inner region.

h

—
v—

Core Parameters Kefr
Designation - -

Pitch Inner Outer Specifics MCU NCNP NCNP KENO-V
| (inch) Region Region (ENDF/B-V) (ENDF/B-VI) (ABBN-93)
| SX1-6i 0.56 MOX U0, 0.9918(4) 0.9968(3) 0.9926(3) 0.9941(4)

3x3 19x19
SX1-9b | 0.56 MOX uo; Fig. 0.9945(4) 0.9991(3) 0.9934(3) 0.9923(3)
11x11 19x19 -
SX1-10b 0.56 MOX U0, Fig. 0.9966(4) 0.9913(3)
19x19 27x27
SXI-10f | 0.56 MOX U0, 3x3 UO; center | 0.9935(4) 0.9984(3) 0.9933(3) 0.9917(4)
19x19 27x27 Fig.
SX1-10e | 0.56 MOX U0, Fig. 0.9966(4) 0.9995(3) 0.9952(3) 0.9918(3)
19x19 27x27
SX1-9¢ 0.56 MOX UO; Al plate 0.9932(4) 0.9981(3) 0.9933(3) 0.9916(4)
11x11 19x19 Fig.
SXI-9f | 0.56 MOX U0, control rod 0.9953(4) 0.9976(3) 0.9934(3) 0.9952(4)
11x11 21x21 Fig.
SX1-10c | 0.56 MOX U0, water slot 0.9960(4) 0.9990(3) 0.9952(3) 0.9918(3)
19x19 27x27 Fig.
SX1-10d | 0.56 MOX U0, Al plate 0.9964(4) 1.0011(3) 0.9954(3) 0.9914(3)
19x19 27x27 Fig. ’
SXI1-13f16 | 0.52 MOX U0, 4x4 voids 1.0057(13)
23x23 29x29 centered
SX1-13f17 | 0.52 MOX U0, 8x8 voids 1.006(13)
' 23x23 29x29 centered .
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Table 4. 7. K¢ calculation results for two region cores.
UO; inner region.

Core Parameters Kesr
Designation - -
Pitch Inner Outer Specifics MCU NCNP NCNP KENO-V
(inch) Region Region (ENDF/B-V) (ENDF/B-VI) (ABBN-93)
SXI-11b | 0.56 U0, MOX Fig. 0.9935(4) 0.9984(3) 0.9933(3) 0.9917(4)
11x11 19x19
SXI-12b | 0.56 U0, MOX Fig. 0.9936(4) 0.9994(3) 0.9950(3) 0.9920(3)
19x19 27x27
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The analysis of the results obtained didn’t reveal the significant correlation of
Kesr and parameters of active core. The values of K. averaged by assemblies of the
same type are presented below.

MCU NCNP NCNP KENO-V
(ENDF/B-V) | (ENDF/B-V]) (ABBN-93)
MOX 0.9960 0.9991 0.9928 0.9920
+0.0027 +0.0020 +0.0015 +0.0020
U0, 0.9941 0.9989 0.9946
+0.0023 +0.0036 +0.0023
MOX + UO, 0.9970 0.9991 0.9942 0.9923
+0.0042 +0.0010 +£0.0009 +0.0012
MCU
NCNP (ENDF/B-V)
B NCNP (ENDF/B-VI)
1,000 ; KENO-V (ABBN-93)
1 7 % 7
0.998 3
8 § % % /
0.996 3 < %
0.994 3
0.992 3
0.990

MOX uo2 MOX + UO2

All neutron data used underestimate the multiplication factors. At that the
precision of calculations satisfies the practical requirements for all codes.

Earlier in Kurchatov Institute the MCU code was applied to calculation
analysis of ZR-6 critical assemblies which have modeled the reactor of VVER type.
These assemblies were recognized as benchmark and included in International
Handbook Ref. [1]. There is no doubt in the reliability of their description. The
average calculated value of K. for all assemblies coincides with 1 and the dispersion
of results is small (compare with K. = 0.994 for UO, assemblies). It’s not excepted
that the error in Saxton calculation is determined by benchmark model but not by
neutron data.



4.2. Pin power distribution.

In critical assemblies with 0.52-inch lattice pitch experimental investigation of
relative power distribution in the cores was performed. Local power peaking was
measured for MOX single region cores near the following perturbations: control rods,
water slot and aluminum plate. Power sharing measurements were performed for
multi-region cores of MOX and UO, fuel rods in different pattern.

The method employed in the measurements and evaluated results for 15 cores is
presented in Ref.[4]. The layouts of the cores and rod-detector location are given in
figures below together with the experimental and calculation results.

The reported accuracy (2 Standard Deviations) of relative power data for single
regions configuration is + 1.4%. For multi-regions cores the accuracy of relative
power data in the region that contains the reference rod is = 2% and in the other
region is = 7%. ' ,

The calculation results by MCU and ABBN-93 are given in the two following
sections. The MCNP results one can find in Ref. [7, Sec.14].

4.2.1. MCU Code Results

MCU code was used to calculate pin dependence of fission reactor rate in the

cores. For this purpose 6. 10% neutron histories were modeled in each case. It provides
approximately 2% statistical accuracy (1 Standard Deviations):

To be compared with experimental data, results of the calculation must be
normalized. One can use several ways of normalization. In this work normalization
factor A was obtained from following equation:

> EXP, =AY CALC, ,
K X

where FXPyx and CALCy is results -of measurements and calculations for the rod
number k.
Comparisons of a calculation results with experimental data are presented in
Fig. 1+15. The Fig. numbers is in correlation with ones in the Table 4. 1.
As one can see calculation and experimental results are coincide if take into
account experimental errors and statistical accuracy of calculation.
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Pin power distribution

Rod-detector positions

Pin | EXP | CALC | C/E-1
%
1 | 1.000 | 1.014 1.4
2 | 1.041 | 1.259 1.7
3 11077 {1237 | 0.1
4 11000 | 1212 | 02
5 1088 | 1.124 | 0.2
6 | 0928 | 1.196 | -0.4
7 10951 | 1.155 0.3
8 [ 1.077 | 1.123 0.3
9 11079 | 1.092 | -0.8
10 | 1.040 | 1.009 | 3.1
11 | 1.045 | 0988 | -3.4
12 | 1.082 | 0.938 | -0.1
13 | 0.849 | 0.928 | -2.8

Fig. 1. Relative pin power distribution -
SX1-1b2 : 19x19 MOX, 1.4224-cm pitch.
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Pin power distribution

Rod-detector positions

Pin | EXP | CALC | CE-1
%

1 | 1000|0985 | -1.5
2 [ 1.04] | 1.038 | -03
3 11077 11077 | 0.0
4 110000997 | -03
5 108860878 | -09
6 | 0.928 | 0.953 2.7
7 10951 | 0.986 3.8
8 |11.077 | 1.079 0.1
9 [1.079 | 1.071 | -0.8
10 | 1.040 | 1.057 1.6
11 [ 1.045 | 1.059 1.3
12 [ 1.082 | 1.045 | -34
13 | 0.849 | 0.830 | -2.2

Fig. 2. Relative pin power distribution.
SX1-1f: 21x21 MOX, 1.4224 pitch,

5 MOX center rods replace with Ag-In-Cd control rods.




Rod-detector positions

Fig. 3. Relative pin power distribution
SX1-1e: 19x19 MOX, 1.4224-cm pitch,

5 MOX center rods replace with Al plate.

Pin power distribution

Pin | EXP | CALC | C/E-1
%
1 11.0000]| 1.010 1.0
2 11.4552)1 1494 | 27
3 |1.2484| 1245 | -03
4 10.9308| 0912 | 20
5 11.3972| 1416 1.4
6 11.0283| 1.020 | -0.8
7 11.1739] 1.172 | -0.1
8 |1.1570| 1.155 | -0.2
9 [1.1245] 1.126 0.2
10 {0.8700| 0.841 | -33
11 | 1.0816] 1.089 0.6
12 10.9256| 0.928 0.2
13 11.0002| 1.020 | 2.0
14 109401 | 0935 | -0.6
15 [ 0.7168 | 0.688 | -4.0




Pin power distribution

Rod-detector positions

Pin | EXP’ | CALC | C/E-1

%
1 | 1.000] 0976 | 2.4
2 2000|2031 | 15
3 117921814 12
4 11362 ] 1363 | 01
5 110951113 1.7
6 | 1615|1630 | 09
7 11424 | 1422 | -01
8 | 12531254 ] 01
9 [1.155] 1.140 | -13
10| 097 | 0976 | 06
11 | 1.066 | 1.067 | 0.1
12 | 1.114 | 1.090 | 2.2
13 10939 ] 0925 [ -15
14 | 0737 | 0.720 | 2.3

Fig 4. Relative pin power distribution
SX1-1d: 19x19 MOX, 1.4224-cm pitch,
5 MOX center rods replace with water slot.
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Pin power distribution

Pin | EXP | CALC | C/E-1
%

1.0000 | 1.005 0.5

0.9930| 0.985 | -08

0.9881] 0.965 | -23

09735| 0964 | -0.9

0.9433 | 0.945 0.2

0.9657] 0932 | -3.5

0.9570| 0.939 | -1.9

PN [N | W I |—

0.9126| 0.890 | -25

9 1092510909 | -1.7

10 |0.9038| 0.898 | -0.6

11 10.85940| 0.844 | -1.8

12 10.9592| 0940 | -2.0

Rod-detector positions 13 10.9239| 0.894 | -33

14 1 0.894 | 0.875 | -2.1

15 10.7701 | 0.795 3.2

16 |0.7589| 0.777 23

17 10.6697 | 0.683 2.0

18 10.8045| 0.814 1.1

19 10.6073 | 0.627 33

20 [0.8395] 0.849 1.1

21 [0.8092| 0.823 1.7

22 10.7512| 0.769 24

23 10.6607| 0.676 23

24 10.6207| 0.634 22

25 |1.1703 | 1.181 0.9

26 |1.1236] 1.131 0.7

27 10.9993| 1.019 2.0

28 | 0.996 | 1.017 2.1

Fig. 5. Relative pin power distribution
SX1-9b: 19x19 core, 11x11 MOX inner region, 1.4224-cm pitch.

o
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Rod-detector positions

Fig 6. Relative pin power distribution -

Pin power distribution

Pin | EXP | CALC |C/E-1
%
1 1.000 | 0.980 | -2.0
2 10985 0993 | 08
3 10989 | 0985 | -04
4 10968 | 0.962 | -0.6
5 10947 | 0948 | 0.1
6 10904 | 0899 | -0.5
7 086 | 0.863 | 0.4
8 10801 | 0816|119
9 10754 | 0753 | -0.1
10 | 0.759 | 0.753 | -0.7
11 | 0942 | 0.926 | -1.7
12 10723 | 0.722 | -0.2
13 | 0.805 | 0.804 | -0.1
14 | 0644 | 0632 | -1.9
15 | 0.648 | 0.647 | -0.1
16 | 056 | 0549 | -2.0
17 | 0572 | 0.587 | 2.6
18 | 0.559 | 0572 | 23
19 | 0.526 | 0.530 | 0.7
20 1 0575 1 0601 | 45
21 | 0.537 | 0.527 | -1.8
22 10474 | 0471 | 0.6
23 10383 | 0393 | 2.6
24 1 0315 ] 0324 | 3.0
25 10276 | 0.270 | -2.1
26 | 0297 | 0.297 | 0.0

SX1-10b: 7x27 core, 19x19 MOX center region, UO; outer region, 1.4224-cm pitch,

1.453 ppm Boron.
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Pin power distribution
Pin | EXP | CALC | C/E-1
%
1 1.0000 0.949 =51
2 0.9534 0.890 -6.6
3 0.8697 0.882 1.4
4 0.8519 0.843 -1.0
5 0.7773 0.764 -1.7
control r 6 | 06263 | 0.653 42
7 0.6264 0.665 6.2
8 0.6619 0.684 33
9 0.7323 0.726 -0.9
10 0.7755 0.762 -1.7
11 0.7197 0.718 -0.3
12 0.7815 0.770 -14
13 0.8255 0.802 2.8
14 0.9472 0.840 -11.3
15 0.5309 0.570 7.4
16 0.5495 0.570 37
17 0.5548 0.588 6.0
18 0.600 0.617 2.8
19 0.6427 0.637 -0.8
20 0.6105 0.640 49
21 0.6169 0.649 5.1
22 0.6408 0.646 09
23 0.6196 0.647 4.5
24 0.6467 0.637 -1.5
25 0.5948 0.606 1.9
26 0.6552 0.671 2.4
27 0.654 0.669 2.3
28 0.6237 0.627 0.5
29 0.9467 0.966 2.1
30 0.8167 0.798 2.3
. 31 0.7335 0.720 -1.8
Rod-detector positions 32 108133 | 0.79% 27

Fig.7 Relative pin power distribution.

SX1-9f: 21x21 core,11x11 MOX center region, UQO; outer region, 1.4224,

5 MOX rods replaced with Ag-In-Cd rods.
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Pin power distribution

Pin | EXP | CALC | C/E-1
%

1.0000} 0987 | -13

1.3065| 1.295 | -0.9

1.0052 | 0.997 | -0.8

1.2449 | 1232 | -1.0

1.3012| 1.284 | -1.3

1.2329] 1.225 | -0.6

1.1806 | 1.185 04

1.1251] 1.129 | 03

O[O Q[N [ ] [N |

1.10511 1.093 | -1.1

10 11.2049 | 1.234 2.5

11 11.2273] 1.196 | -2.5

12 11.1549| 1.137 | -1.6

13 11.0204] 1.000 | 2.0

14 110961} 1.093 | -0.3

15 |0.9558| 0.924 | -33

16 | 0.9751| 0.992 1.7

17 10.9366 | 0.987 5.4

18 10.8943| 0914 | 22

19 10.7867 | 0.805 23

20 [0.7861| 0.807 2.9

21 {0.7037| 0.717 1.9

22 |0.7768 | 0.778 0.1

23 [0.7654| 0.773 1.0

Rod-detector positions

Fig.8 Pin power distribution.
SX1-10d: 27x27 core,19x19 MOX center region, UO; outer region, 1.4224-cm pitch,
5 MOX rods replaced with Al plate, 1453 ppm Boron
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Pin power distribution

Pin | EXP | CALC | C/E-1
%
1 [1.0000| 0966 | -34
2 [0.7598] 0.783 3.1
3 10.7452| 0.772 | 3.6
4 10.6994| 0.701 0.2
5 107811 0.784 | 0.4
6 112404} 1229 | -1.0
7 11.3046] 1.297 | -0.6
8 11.2988] 1.281 | -1.4
9 11.2257| 1226 | 0.0
10 |1.1664| 1.174 | 0.6
11 11.1314] 1.134 | 0.2
12 | 1.1121| 1.118 0.5
13 |1.3713| 1374 | 0.2
14 11.1168| 1.117 | 0.0
15 10.8233] 0.812 | -1.3
16 [0.7064| 0697 | -1.3
17 10.7621| 0.761 | -0.1
18 11.3375| 1.351 1.0
19 |1.2508| 1.248 | -0.2
20 11.0516] 1.024 | -27
21 | 1.141 | 1.151 0.8
22 109478 | 0936 | -1.3
23 11.0921] 1.108 1.5
24 1 0.9883 | 1.005 1.7
25 10.8145| 0817 | 04
26 10.5067| 0.500 | -14
27 10.7701| 0.779 1.1

Fig. 9. Relative pin power distribution.

SX1-10c.: 27x27 core, 19x10 MOX center region, UO; outer region, 1.4224-cm pitch,

5 MOX rods replaced with water slot.
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Rod-detector positions

Fig.10 Relative pin power distribution.

Pin power distribution

Pin | EXP | CALC | C/E-1
%
1 110000983 | -1.7
2 | 1.075 | 1.057 | -1.7
3 1 1.111 | 1.110 | -0.1
4 | 1.097 | 1.094 | -02
5 11097 | 1.087 | -09
6 | 1141 | 1.109 | -2.8
7 {1358 | 1.340 | -1.3
8 | 1.117 | 1.146 | 2.6
9 | 0957 | 0.970 1.4
10 | 0930 | 0.968 | 4.0
11 | 1.294 | 1.338 3.4
12 1 1.095 | 1.140 | 4.1
13 | 1.028 | 1.055 2.6
14 | 0.884 | 0915 3.5
15 | 0.749 | 0.765 2.1
16 | 0903 | 0.930 | 3.0
17 | 0.811 | 0.830 | 24
18 | 0.879 | 0.892 1.5
19 | 0.780 | 0.798 24
20 | 1.344 | 1.291 | 4.0
21 | 1289 | 1221 | -53
22 | 1.070 | 1.046 | -2.2
23 [ 0976 | 0960 | -1.6
24 [ 1204 | 1.172 | -2.7
25 | 1.027 | 0980 | -37
26 | 0997 | 0981 | -1.6
27 | 0.863 | 0.878 1.8
28 | 0.750 | 0.761 1.5

SX1-9¢: 19x19 core,11x11 MOX center region, UO; outer region, 1.4224-cm pitch,

5 MOX rods replaced with Al slab.
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~ Fig. 11.1. Core layout and positions of rod-detectors.
SX1-10e: 27x27 core, 19x19 MOX inner region, 1.422-cm pitch.



Pin power distribution

Pin Exp? | caLc®? | CE-1
%

1.0000 1.006 0.6
1.0490 | 0.946 -9.8
0.8263 0.818 -1.0
0.7629 | 0.768 0.6
0.5671 0.586 33
0.5906 | 0.609 3.1
0.7800 | 0.797 2.2
0.7551 0.770 2.0
0.7960 | 0.826 3.8
0.7920 | 0.822 3.8
0.8098 | 0.835 3.1

0.8565

1.0519 1.033 -1.8
1.0605 0.970 -8.6
0.9740 | 0.941 -3.4
0.9507 | 0.942 -0.9
0.7920 [ 0.765 -3.4
0.8363 0.823 -1.6

pamas | et |t |t | e [ [ | = = | —

0.8071 0.820 1.5

20 0.7197 | 0.725 0.7
21 0.6425 0.664 3.4
22 0.7624 | 0.756 -0.8
23 0.7556 0.750 -0.7
24 0.7056 0.712 0.9
25 0.5517 | 0.559 1.4
26 0.3809 | 0.407 6.8
27 0.5930 | 0.597 0.7
28 0.5726 0.578 1.0
29 0.5218 0.527 0.9
30 04210 | 0.424 0.8
31 0.3230 | 0.321 -0.7
32 0.2767 | 0.282 1.8
33 0.3022 0.307 1.5
34 0.9984 1.013 1.4

Fig. 11.2. Relative pin power distribution
SX1-10e: 27x27 core, 19x19 MOX inner region, 1.422-cm pitch.



Rod-detector positions

Fig.12. Relative pin power distribution

Pin power distribution

Pin | EXP | CALC | C/E-1
%
1 1.000 | 1.016 1.6
2 0.917 | 0.916 -0.1
3 0.883 | 0.873 -1.2
4 0.869 | 0.841 -3.2
5 0.756 | 0.767 1.5
6 0.706 | 0.727 3.0
7 0.989 | 0.959 -3.0
8 1.014 | 1.004 -1.1
9 0.548 | 0.556 1.5
10 | 0.905 | 0.872 -3.6
11 | 0.853 | 0.877 2.8
12 | 0.815 | 0.845 3.8

SX1-9b: 27x27 core, 19x19 MOX inner region, 1.4224-cm pitch.
3x3 MOX replaced with UO; in center, 1425 ppm Boron.




Rod-detector positions

Fig 13. Relative pin power distribution

Pin power distribution

Pin EXP CALC | C/E-1
%
1 1.0000 | 0.974 -2.6
2 0.9479 | 0.967 2.0
3 0.9250 | 0.939 1.5
4 0.9047 | 0.931 2.9
5 0.8886 | 0.911 2.6
6 0.8406 | 0.868 3.2
7 0.8157 | 0.844 3.4
8 0.7640 | 0.781 2.2
9 0.6970 | 0.715 2.6
10 | 0.6110 | 0.607 -0.7
11 | 0.6558 | 0.622 -5.2
12 [ 0.5260 | 0.500 -5.0
13 | 0.4771 | 0.459 -3.8
14 | 0.5959 | 0.564 -5.4
15 | 0.8814 | 0.892 12
16 | 0.7842 | 0.800 2.0
17 | 0.5652 | 0.587 3.9
18 | 0.5054 | 0.484 -4.3
19 | 0.7647 | 0.788 3.1
20 | 0.4531 | 0.437 -3.6
21 | 0.6053 | 0.629 3.8
22 | 0.3833 | 0.395 3.2
23 | 0.6590 | 0.625 -5.1
24 | 03789 | 0.359 -5.1
25 | 0.2896 | 0.275 -4.9
26 | 02537 | 0.238 -6.1
27 | 0.3432 | 0.325 -5.3

SX1-12b: 27x27 core, 19x19 UO, inner region, 1.4224-cm pitch,

1252 ppm Boron.
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Pin power distribution
Pin EXP CALC C/E-1
%
1 1.0000 1.038 38
2 0.9916 1.037 4.6
3 0.9849 1.025 4.0
4 0.9433 0.972 3.0
5 0.8758 0.915 4.5
6 0.7752 0.805 3.9
7 0.9807 1.018 38
8 0.9307 0.973 4.5
9 0.9517 0.995 4.6
10 0.8516 0.894 5.0
11 0.8871 0.912 2.8
12 0.7213 0.752 4.2
13 0.7797 0.813 4.3
Rod-detector positions 14 | 06027 | 0619 2.8
15 0.8798 0.830 5.7
16 0.7189 0.679 -5.6
17 0.707 0.682 -3.5
18 1.0949 1.084 -1.0
19 0.8547 0.806 5.7
20 0.7060 0.664 -59
21 0.6810 0.656 -3.7
22 1.0419 1.025 -1.6
23 0.7744 0.739 -4.6
24 0.6543 0.642 -1.8
25 0.6113 0.580 -5.1
26 0.9591 0.928 -3.2
27 0.6173 0.589 -4.6
28 0.558 0.538 -3.5
29 0.5176 0.488 -5.8
30 0.5326 0.505 -5.2
31 1.0092 0.991 -1.8
32 0.8183 0.796 2.7
25 0.2896 0.275 -4.9
26 0.2537 0.238 -6.1
27 0.3432 0.325 =53

Fig 14. Relative pin power distribution

SX1-11b: 19x19 core, 11x11 UQ; inner region, 1.4224-cm pitch,




Rod-detector positions

Fig 15. Relative pin power distribution

Pin power distribution

Pin | EXP | CALC | C/E-1
%
1 |1.0000] 1.006 0.6
2 10.7400] 0.739 | -0.1
3 10.9608] 0.984 24
4 [ 1.144 | 1.155 1.0
5 |1.1877] 1.212 2.0
6 11.2288} 1.250 1.8
7 11.22341 1.258 2.8
8 [1.17921 1.240 5.1
9 11.1985] 1.211 1.1
10 1 1.4772| 1417 | -4.1
11 [1.4036| 1364 | -2.8
12 | 1.3182] 1.225 | -7.1

SX1-6i: 19x19 core, 3x3 MOX in center region, UQ, inner region, 1.4224-cm pitch,
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Fig. 16. SX1-8b: 449 MOX, 1.3208-cm pitch.
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4.2.3. KENO-V (ABBN-93) calculation results.

Fifteen configurations of evaluated critical experiments with relative pin
power distribution were calculated using the Monte-Carlo code KENO-Va and
CONSYST2/ABBN-93 constant’s system. In all cases the KENO-Va calculations
used 5000 generations at 1000 neutrons per generation. Ten generations were skipped
before averaging. Relative pin power distributions were obtained with accurate
treatment of energy releases in each nuclide using ABBN-93 data set.

Relative power distribution calculated results presented in Tables 4.8 to 4.22.

In this Tables A = (Calc.-Meas.)/Meas. in %

Table 4. 8. Measured anld Calculated Relative Pin Power

Distribution for Case SX1-1b2

Measured | Calcnlated
pin # Relative Pin | Relative Pin A, %
Power Power
1 1.0000 1.0000 0.00
2 1.1220 1.0925 -2.63
3 1.2101 1.1933 -1.39
4 1.1190 1.1188 -0.01
5 0.9791 0.9649 -1.45
6 0.9552 0.9206 -3.62
7 1.2385 1.2151 -1.89
8 1.2357 1.2218 -1.13
9 1.2013 - 1.1891 -1.01
10 1.1520 1.1272 -2.15
11 1.1007 1.0488 -4.72
12 1.0232 0.9970 -2.56
13 0.9390 0.9359 -0.34
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Table 4. 9. Measured and Calculated Relative Pin Power
Distribution for Case SX1-1f

Measured Calculated
pin # Relative Pin | Relative Pin A, %
: Power Power
1 0.8492 0.8566 0.87
2 1.0449 1.0268 -1.73
3 1.0788 1.0652 -1.26
4 1.0774 1.0742 -0.30
5 1.0816 0.9907 -8.40
6 0.9283 0.9234 -0.53
7 0.9507 0.9632 131
8 1.0399 1.0476 0.74
9 1.0003 0.9895 -1.08
10 1.0768 1.0577 -1.77
11 1.0413 - 1.0245 -1.62
12 1.0000 1.0000 0.00
13 0.8863 0.9128 2.99

Table 4. 10. Measured and Calculated Relative Pin Power
Distribution for Case SX1-1e

Measured Calculated
pin # Relative Pin | Relative Pin A, %
Power Power
1 0.9308 0.9027 -3.02
2 0.8700 0.8198 -5.77
3 0.7168 0.6711 -6.38
4 1.0000 - 1.0000 0.00
5 1.0283 0.9871 -4.01
6 0.9256 0.9021 -2.54
7 1.2484 1.2465 -0.15
8 1.1245 1.1050 -1.73
9 1.4552 1.4574 0.15
10 1.1570 1.1311 -2.24
11 1.3973 1.3877 -0.69
12 1.1734 1.1316 -3.56
13 1.0816 1.0700 -1.07
14 1.0002 0.9836 -1.66
15 0.9401 09137 -2.81

79



Table 4. 11. Measured and Calculated Relative Pin Power
Distribution for Case SX1-1d

Measured | Calculated
pin #| Relative Pin | Relative Pin A, %
- Power Power
1 1.0000 1.0000 0.00
2 0.7367 . 0.7224 -1.94
3 1.0954 1.1181 2.07
4 0.9703 0.9802 1.02
5 1.3620 1.3752 0.97
6 1.1135 1.0264 -7.82
7 2.0005 2.0559 2.77
8 1.7921 1.8109 1.05
9 1.4236 1.4329 0.65
10 1.6152 1.6283 0.81
11 1.2527 1.2639 0.90
12 1.1550 1.1392 -1.37
13 1.0662 1.0801 1.30
14 0.9840 0.9845 0.05
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Table 4. 12. Measured and Calculated Relative Pin Power
Distribution for Case SX1-9b

Measured Calculated
pin # Relatiye Pin | Relative Pin A, %
Power Power
1 1.0000 1.0000 0.00
2 0.9927 1.0050 1.24
3 0.9881 1.0082 2.04
4 0.9735 0.9985 2.56
5 0.9433 0.9636 2.15
6 0.9657 0.9533 -1.28
7 0.9570 - 0.9584 0.14
8 0.9126 0.9034 -1.01
9 0.9250 0.9448 2.14
10 0.9038 0.9177 1.54
11 0.8594 0.8663 0.80
12 0.9592 0.9792 2.09
13 0.9239 0.9180 -0.64
14 0.8940 0.8859 -0.91
15 0.7701 0.7744 0.56
16 0.7589 0.7669 1.06
17 0.6697 0.6769 1.07
18 0.8045 0.7947 -1.21
19 0.6073 0.6150 1.26
20 0.8395 . 0.8303 -1.09
21 0.8092 0.8210 1.45
22 0.7512 0.7557 0.60
23 0.6607 0.6739 1.99
24 0.6207 0.6234 0.44
25 1.1703 1.1961 2.20
26 1.1236 1.1104 -1.18
27 0.9993 1.0346 3.53
28 0.9960 1.0108 1.48
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Table 4. 13. Measured and Calculated Relative Pin Power
Distribution for Case SXI-lOb

Measured Calculated
pin # Relative Pin | Relative Pin A, %
Power Power
1 1.0000 1.0000 0.00
2 0.9845 1.0210 371
3 0.9893 1.0000 1.09
4 0.9679 1.0092 427
5 0.9424 0.9515 0.97
6 0.9467 0.9693 2.39
7 0.9038 0.9334 3.28
8 0.8053 0.8387 4.15
9 0.8603 0.8740 1.60
10 0.8010 0.8130 1.49
11 0.6480 0.6652 2.66
12 0.7535 0.7660 1.65
13 0.7594 0.7610 0.21
14 0.7231 0.7376 2.01
15 0.6441 0.6590 231
16 0.5604 0.5635 0.55
17 0.5718 0.5817 1.74
18 0.3830 0.3909 2.05
19 0.5586 0.5609 041
20 0.5370 0.5433 1.17
21 0.4741 0.4897 3.29
22 0.3146 03117 -0.91
23 0.5258 0.5231 | -0.51
24 0.2763 0.2704 -2.12
25 0.5753 0.6060 5.34
26 0.2969 0.3000 1.05
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Table 4. 14. Measured and Calculated Relative Pin Power
Distribution for Case SX1-9f

Measured Calculated
pin # Relative Pin | Relative Pin A, %
Power Power
1 1.0000 1.0000 0.00
2 0.9354 0.9653 3.19
3 0.8697 0.9296 6.89
4 0.8519 0.8760 2.83
5 0.7773 0.8072 3.85
6 0.6263 0.6464 3.20
7 0.6264 0.6326 0.99
8 0.9472 0.8651 -8.66
9 0.6616 0.6711 1.43
10 0.7323 0.7419 1.31
11 0.7197 . 0.7171 -0.36
12 0.7755 0.7797 0.55
13 0.7815 0.7836 0.27
14 0.8255 0.8354 1.20
15 0.8183 0.8292 1.33
16 0.5309 - 0.5137 -3.23
17 0.6105 0.6147 0.69
18 0.6196 0.6350 2.49
19 0.6552 0.6658 1.61
20 0.9467 0.9546 0.84
21 0.5495 0.5255 -4.37
22 0.5548 0.5430 -2.14
23 0.6169 0.6332 2.64
24 0.6540 0.6776 3.61
25 0.6000 0.6051 0.85
26 0.6167 0.6265 1.58
27 0.6408 0.6567 2.49
28 0.6237 0.6461 3.59
29 0.5948 . 0.6141 3.24
30 0.7335 0.7305 -0.40
31 0.6427 0.6425 -0.04
32 0.8167 0.8130 -0.45




Table 4. 15. Measured and Calculated Relative Pin Power
Distribution for Case SX1-10d

Measured Calculated
pin # Relative Pin | Relative Pin A, %
Power Power

1 1.0052 1.0106 0.54
2 1.2449 1.2429 -0.17
3 1.3065 1.3019 -0.36
4 1.3012 1.2737 -2.12
5 1.2329 1.2022 -2.49
6 1.1806 1.1821 0.13
7 1.1251 1.0909 -3.04
3 1.1051 1.1097 0.41
9 1.2049 1.2117 0.56
10 1.2273 1.2074 -1.62
11 1.1549 1.1488 -0.53
12 1.0204 1.0371 1.63
13 1.0961 1.0727 -2.13
14 0.9558 0.9263 -3.09
15 1.0000 1.0000 0.00
16 0.7654 0.7588 -0.87
17 0.9751 0.9470 -2.88
18 0.7861 0.7785 -0.96
19 0.7037 0.6925 -1.60
20 0.7768 0.7419 -4.49
21 0.9366 0.9321 -0.48
22 0.8943 0.8731 -2.37
23 0.7837 0.7723 -1.46 -
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Table 4. 16. Measured and Calculated Relative Pin Power
Distribution for Case SX1-10c¢

Measured Calculated
pin # Relative Pin | Relative Pin A, %
Power Power
1 1.0000 1.0000 0.00
2 1.2404 1.2423 0.15
3 1.3046 1.3115 0.53
4 1.2988 1.2999 0.08
5 1.2257 1.2129 -1.04
6 1.1664 1.1776 0.96
7 1.1314 1.1182 -1.17
8 1.1121 1.1261 1.26
9 13713 1.3820 0.78
10 1.3375 1.3689 2.35
11 1.2508 1.2623 0.92
12 1.0516 1.0419 -0.92
13 1.1410 1.1392 -0.15
14 0.9478 0.9479 0.01
15 0.7811 0.7833 0.29
16 0.6994 0.6987 -0.10
17 0.7452 0.7551 1.33
18 0.7597 0.7671 0.98
19 1.1168 1.0701 -4.18
20 0.8233 0.8101 -1.61
21 0.7064 0.6927 -1.94
22 0.7621 0.7680 0.78
23 1.0921 1.0522 -3.65
24 0.9883 0.9681 -2.05
25 0.8145 . 0.7869 -3.39
26 0.7701 0.7432 -3.49
27 0.5067 0.4980 -1.71
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Table 4. 17. Measured and Calculated Relative Pin Power
Distribution for Case SX1-9¢

Measured Calculated
pin # Relative Pin | Relative Pin A, %
Power Power ‘
1 1.0749 1.0821 0.67
2 1.1108 1.1510 3.62
3 1.0970 1.1387 3.80
4 1.0971 1.1235 2.40
5 1.1405 1.1488 0.73
6 1.3579 1.3818 1.76
7 1.3437 1.3421 -0.12
8 1.2893 1.2853 -0.31
9 1.0697 1.0974 2.59
10 1.2036 1.2400 3.03
11 0.9763 0.9852 0.91
12 1.0265 1.0324 0.57
13 1.0000 1.0000 0.00
14 0.9966 1.0292 3.27
15 0.8630 0.8748 1.37
16 1.1173 1.1796 5.58
17 0.9567 0.9875 3.22
18 0.9300 0.9659 3.86
19 1.2944 1.3456 3.96
20 1.0954 1.1599 5.89
21 1.0277 1.0780 4.90
22 0.9028 0.9362 3.70
23 0.8831 0.9421 6.69
24 0.8790 0.9040 2.85
25 0.8101 0.8403 3.73
26 0.7801 0.8195 5.06
27 0.7504 0.7654 2.00
28 0.7489 0.7800 4.15
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Table 4. 18. Measured and Calculated Relative Pin Power
Distribution for Case SX1-10e

pin | Relative Pin | Relative Pin | A,
# Power Power %
(calculated) | (measured)
1 0.5647 0.5517 2.35
2 0.7726 0.7629 1.27
3 0.6357 0.6425 -1.06
4 0.8255 0.8263 -0.09
5 0.7165 0.7197 -0.45
6 0.8131 0.8071 0.74
7 0.9444 . 1.0490 -9.98
8 0.7011 0.7056 -0.64
9 0.7825 0.7920 -1.19
10 0.9502 0.9507 -0.06
11 0.9536 0.9740 -2.09
12 0.7675 0.7556 1.57
13 0.8277 0.8363 -1.03
14 1.0210 0.9984 226
15 0.7668 0.7624 0.58
16 0.9836 1.0605 -7.25
17 1.0220 1.0519 -2.84
18 1.0000 1.0000 0.00
19 0.7607 0.8565 -11.18
20 0.7539 0.7551 -0.15
21 0.7861 0.8098 -2.93
22 0.7713 0.7920 -2.61
23 0.7774 0.7960 -2.34
24 0.7591 0.7800 -2.68
25 0.3089 0.3022 221
26 0.5977 0.5906 1.20
27 0.2717 0.2767 -1.82
28 03175 0.3230 -1.71
29 0.5585 0.5671 -1.52
30 0.3885 0.3809 1.98
31 04157 0.4210 -1.25
32 0.5079 0.5218 -2.67
33 0.5591 0.5726 -2.36
34 0.5633 0.5930 -5.01
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Table 4. 19. Measured and Calculated Relative Pin Power
Distribution for Case SX1-10f

Calculated | Measured
pin # Relative Pin | Relative Pin A, %
Power Power
1 1.0000 1.0000 0.00
2 0.8913 0.9166 -2.76
3 0.8557 0.8832 -3.11
4 0.8090 0.8387 -3.54
5 0.7285 0.7560 -3.64
6 0.6700 0.7055 -5.03
7 0.9495 0.9887 -3.97
8 0.9509 1.0143 -6.25
9 0.8627 0.9050 -4.67
10 0.8299 0.8533 -2.74
11 0.7905 0.8146 -2.96
12 0.5174 0.5476 -5.51

Table 4. 20. Measured and Calculated Relative Pin Power
Distribution for Case SX1-6i

Measured Calculated
pin # Relative Pin | Relative Pin A, %
Power Power
1 1.3182 1.3398 1.64
2 1.4772 1.5002 1.56
3 1.4036 1.4214 1.26
4 1.2234 1.2456 1.81
5 1.1792 . 1.2005 1.80
6 1.1985 1.1966 -0.16
7 1.1877 1.2107 1.94
8 1.2288 1.2564 2.25
9 0.9608 0.9903 3.07
10 1.1440 1.1606 1.45
11 0.7400 0.7509 1.47
12 1.0000 1.0000 0.00
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Table 4. 21. Measured and Calculated Relative Pin Power
Distribution for Case SX1-12b

Measured | Calculated
pin # Relative Pin | Relative Pin A, %
Power - Power

1 0.5959 0.6182 3.73
2 0.3432 - 0.3456 0.71
3 0.4771 0.4839 1.42
4 0.2537 0.2604 2.63
5 0.5260 0.5373 2.14
6 0.5054 0.5145 1.81
7 0.4531 0.4593 1.37
8 0.2896 0.2958 2.16
9 0.6558 0.6545 -0.20
10 0.3789 0.3822 0.87
11 0.6590 0.6658 1.04
12 0.6110 0.6206 1.57
13 0.5652 0.6103 7.98
14 0.3833 0.4091 6.74
15 0.6970 0.7296 4.68
16 0.7640 0.8010 4.85
17 0.6053 0.6410 5.90
18 0.8157 0.8604 5.49
19 0.7842 0.8317 6.06
20 0.8406 0.9028 7.40
21 0.7647 0.8147 6.54
22 0.8886 0.9429 6.11
23 0.9047 0.9805 8.38
24 08814 0.9388 6.51
25 0.9250 0.9843 6.41
26 0.9479 0.9958 5.05
27 1.0000 1.0000 0.00
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Table 4. 22. Calculated and Measured Relative Pin Power
Distribution for Case SX1-11b

Measured Calculated
pin # Relative Pin | Relative Pin A, %
Power Power
1 1.0949 1.0645 -2.77
2 1.0419 1.0200 -2.10
3 0.9591 0.9262 -3.43
4 1.0092 0.9638 -4.50
5 0.7070 0.6839 -3.26
6 0.7060 0.6696 -5.16
7 0.6543 0.6067 -7.28
8 0.5580 0.5322 -4.63
9 0.5326 0.5012 -5.90
10 0.7189 0.6917 -3.79
11 0.6810 0.6652 -2.31
12 0.6133 0.5785 -5.68
13 0.5176 0.5092 -1.62
14 0.8798 0.8439 -4.08
15 0.8547 0.8057 -5.73
16 0.7744 0.7408 -4.34
17 0.6173 0.5972 -3.26
18 0.7752 0.7701 -0.66
19 0.7213 0.7239 0.36
20 0.6027 0.6043 0.27
21 0.8758 0.8902 1.65
22 0.8516 0.8650 1.58
23 0.7797 0.7816 0.25
24 0.9433 0.9403 -0.31
25 0.9307 09411 1.11
26 0.8871 0.8823 -0.55
27 0.9849 0.9812 -0.38
28 0.9517 0.9577 0.63
29 0.9916 1.0066 1.51
30 0.9807 0.9824 0.18
31 1.0000 1.0000 0.00
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5. ESADA CRITICAL EXPERIMENTS.

Benchmark considered is based on the critical experiments conducted at the
Westinghouse Reactor Evaluation Center in year 1967. These series of the
experiments have name ESADA.

Descriptions of experimental configuration and benchmark specification were
taken from Ref. [4]. Information about measurement of a power distribution in core is
presented in the same report.

5.1. Description of Experimental Configuration and
multiplication factors calculation results.

The square array of the fuel rods was placed within a ~112 cm diameter tank
~ that was filled with water. The height of the water could be changed in order to made
the configuration critical. The water level was under the top of a fuel in all cases.

Fuel rods were rested on 3 cm or 5 cm aluminum plates and were supported by
layers of thin aluminum plates at the top, middle and bottom parts of fuel rods.

Three different types of fuel rods were used during experimental program: two
types of MOX fuel and the third type a low enriched UO,. MOX fuel was

distinguished by the isotopes content of plutonium. Content of #%py is equal to 8
wt.% or 24 wt.% .

MOX fuel contents the mixture of 2 wt% PuQO; and UQ;. Uranium is
naturally enriched. MOX fuel rods outer diameter equals to' 1.443 cm. Zircaloy 2
cladding is used.

UO;, fuel contents dioxide uranium enriched with 2.72 wt.% 235U. Outer

diameter equals to 1.03 cm. Zircaloy 4 cladding is used.
Two lattice plates were available with lattice pitch equal to 1.7526 cm (0.69 in) and
1.9050 cm (0.75 in). With these plates, five different fuel rods lattice were
investigated. Lattice pitch indicated in Table below together with moderator to fuel
volume relations Vi / Vr. (Note, in VVER type rector core this value is equals
approximately to 2).

Pitch, cm Vu/ VE

MOX U0,
1.7526 1.11 2.42
1.9050 1.54 448
2.4785 3.49 7.58
2.6942 4.35 8.95
3.5052 8.24 15.15

The positions of fuel rods in the different lattice are shown at the following
picture



Lattice with pitch Cell with fuel rod

1.7526, 1.9050, 3.5052 cm

Lattice with pitch Cell with fuel rod

2.4785,2.6942 cm

[ ] Cell without fuel rod

Core configurations differ one from another with the number and the positions

of MOX and UO; fuel rods. Authors of description divided all configurations in four
groups:

- Single region cores contained fuel rods of the same type. Pure and borate water was

used. In some cores one or five rods in center were moved off to obtain water hole.
Concentric region cores were constructed by using two different fuel rods types in the
inner and outer regions of the core. Moderator to fuel volume ratios was different in
the inner and outer regions because of MOX and UOQO2 fuel rods have different
diameter.
Salt and pepper region cores were constructed by loading two different fuel rods types
in checkerboard pattern.
Slab cores consisted of two_UO, slabs sandwiched a center plintonium fueled slab. A
water gap of 1,608 cm was placed between the slab regions. Lattice pitch for UO,
slab was 1.4605 cm and 1.7526 cm for MOX region and so moderator to fuel volume
ratios was the same for both regions.

Layouts of all core configurations are given in Ref.[4].
Main parameters of cores investigated in this report are presented in Tables below
together with Kegr calculation results.

Multiplication factors calculated are provided in Tables and demonstrated at Figures
that follow. ’

All used codes underestimate multiplication factors in 0.005 + 0.01. It concerns the
critical assemblies of all types including the assemblies with uranium fuel only. The
same picture takes place for SAXTON assemblies too but for them the calculation
error is slightly smaller.



Table S. 1. Multiplication factors of single region core configurations.

e

Case | Diagram Core parameters ® Kegr
Num. | Num.? Fuel Pitch Number Boron MCU MCNP MCNP KENO-V
Type (cm) of Rods (ppm) (ENDF/B-VI) | (ENDF/B-V) (ABBN-93)
I 6 8% Pu | 1.7526 514 0 0.9873(4) 0.9853(7) 0.9919(7) 0.987
2 7 8% Pu | 1.7526 552 0 0.9849(6) 0.9840(7) 0.9908(7) 0.985
8 13 8%*Pu | 1.7526 631 261 0.9875(9) 0.9850(7) 0.9919(7) 0.985
10 15 8% "Pu | 1.7526 749 526 0.9876(9) 0.9850(7) 0.9917(7) 0.992
3 8 8%*’Pu | 1.9050 321 0 0.9891(9) 0.9866(7) 0.9956(7) 0.989
4 9 8% Pu | 2.4785 160 0 0.9926(7) 0.9955(7) 1.0030(7) 0.993
5 10 8% Pu | 2.4785 169 0 0.9924(9) 0.9950(6) 1.0025(7) 0.992
9 14 8% Pu | 2.4785 243 261 0.9926(9) 0.9971(7) 1.0030(7) 0.994
6 11 8% Pu | 2.6942 152 0 0.9935(8) 0.9964(7) 1.0046(7) 0.995
7 12 8% "Pu | 3.5052 249 0 0.9945(8) 0.9998(7) 1.0069(7) 0.994
46 29 24%*Pu | 2.4785 247 0 1.0007(9) 0.9991(7) 1.0064(6) 1.000
47 30 24% Py | 2.6942 243 0 0.9998(8) 1.0026(7) 1.0075(6) 0.999
52 33 U0, 1.7526 317 0 0.9953(8) 0.9894(6) 0.9939(6) 0.995
53 34 U0, 2.4785 293 0 0.9960(8) 0.9923(6) 0.9967(6) 0.995

¥ Tables 1 and 2 of description [1]
" Figures of description [1]
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Figure 5. 1. Multiplication factors of single region core configurations.
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Table 5. 2. Multiplication factors of salt and pepper core configurations.

— ——— ve———
— ——— e

Core parameters a)
Case | Diagram P Ketr
Num. | Num"” Number and Type of Fuel Rods Specific MCU MCNP MCNP KENO-V
(ENDF/B-VI) | (ENDF/B-V) | (ABBN-93)
l - (365 - 8%*°Pu) (364 - UOy) 0.9868(8)" 0.9917(7) 0.9957(7) 0.986
2 4 (356 - 8%240Pu) (364-UO2) | 9 waterholes |  0.9846(8) 0.9914(7) 0.9977(7) 0.985
3 4 (356 - 8%°Pu) (364-U0;) | 9 controlrods |  0.9952(8) 0.9902(7) 0.9958(7) 0.992
4 5 (365 - 8%™*Pu) (364 — 24%*°Pu) 0.9925(8) 0.9900(6) 0.9962(7) 0.990
5 6 (265 - 8%*°Pu) (264 - UO,) 0.9913(9) 0.9876(6) 0.9927(7) 0.990
6 7 (265 -24%Pu) (264 - UOy) 0.9992(8) 0.9923(7) 0.9977(7) 0.995
7 8 (288 -24%"Pu) (288 - UOy) 0.9992(8) 0.9920(6) 0.9977(7) 0.995
8 9 (313 -24%*“Pu) (312-UO0,) 0.9974(8) 0.9914(7) 0.9961(6) 0.993
9 10 (249 -24%Pu) (256 - UOy) 0.9961(9) 0.9927(6) 0.9966(6) 0.996

— — e — m—
—

» Table | of description [2], 1.7526 lattice pitch at all ca;es, pure water at all cases. o
*) Figure of description [2]
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Figure 5. 2. Multiplication factors of single region core configurations.
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Table S. 3. Multiplication factors of multi-region concentric core configurations.

Core Parameters

Kefr
Inner Region Outer Region KENO-V
MCU MCNP MCNP (ABBN-93)
(ENDF/B-VI) | (ENDF/B-V)
Case Fuel Fuel | Lattice Fuel Fuel Lattice
Number Rods Pitch Rods Pitch
(cm) (cm)
I U0, 225 1.7526 | 24%°“Pu | 400 1.7526 | 0.9931(8) | 0.9919(7) 0.9952(7) 0.988
2 8%*%Pu | 225 1.7526 U0, 400 1.7526 | 0.9880(8)
3 24%*Pu | 225 1.7526 U0, 400 17526 | 0.9936(8) | 0.9903(7) | 0.9959(7) | 0.992
4 24%Pu | 121 1.7526 U0, 408 1.7526 0.9903(7) | 0.9948(7) 0.995
5 24%PPu | 225 1.7526 | 8%**°Pu 492 1.7526 0.9882(7) | 0.9830(7) 0.994
6 24%Pu | 221 1.7526 | 8% *Pu 468 1.7526 0.9980(7) | 0.9928(7) 0.989
7 24%*pu | 157 1.9050 | 8%**pu 264 1.9050 0.9927(7) 0.9968(7) 0.990
8 24%**pu 89 1.9059 | 8%**®pu 143 2.6942 0.9957(7) 1.0016(7) 0.993
0.995
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Table 5. 4. Kesr calculation results of multi-region slab core configurations.

va—t—

e ————

Core Parameters

Case Diagram Kett
No No Number of Number of Boron Specifics MCU KENO-V
UO; Rods MOX Rods (ppm) of inner region (ABBN-93)
19 19 460 361 (8% *Pu) 0 0.9943(31) 0.981
20 20 460 361 (8% 'Pu) 0 4x4 Al void 0.9964(30)
tubes
21 21 460 361 (8% " Pu) 0 10x10 Al void 1.0065(3)
. tubes
22 22 810 437 (8% *Pu) 526 0.9860(30) 0.967
1

» Table 1 of description [2]
® Figure of description [2]
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5.2. Pin Power Distribution

Power distribution measurements in X-Y cross-section of core were performed
both in single-region and multi- region core configurations.

The method employed and results obtained are presented in Ref/[4].

For single-region cores, the measurement of gamma activity of irradiated fuel
rods is sufficient. The activity of each rod was related to activity of the reference rod.

For multi-region cores, calorimetric measurements were realized additionally.

An experimental accuracy no indicated in Ref.[4].

In current report the calculation results by MCU code are presented.

MCNP results one can find in Ref.[7].

MCU code was used to calculate pin by pin distribution of fission reaction rate
in the cores. For this purpose 10" neutron histories were modeled in each case. It
~ provides approximately 1.5% statistical accuracy (1 Standard Deviation).

To be compared with experimental data, the results of the calculation
must be normalized. One can use several ways of normalization. In this work two
ways were used: v

At first, the calculation results were equated with experimental one for some
arbitrary fuel rod.

At second, normalization factor A was obtained from following equation:

S EXP, = A3 CALC, |
X K

where EXPy and CALCk are results of measurements and calculations.

We believe the second way is more reasonable.

For multi region core configurations the comparison was carried out for each
region separately.

Comparison of calculation results with experimental data is presented in
Tables below. Layout of cores is shown in Fig. Reference on a core description and
the experimental data is indicated in the comments to the Fig.

Results obtained aren't display problems with pin power distribution.



Fig.1. Fuel rods layout and detector positions.
Single region, 1.7526 pitch, 8%240Pu, 570 rods, 5 cells water slot.
( Tab. 1, Case 2)
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Pin power distribution for Fig. 1.

Pin | EXP? | CALC® |(C/E-1)%| CALC"® |(C/E-1)
1 0.434 | 0427 -1.5 0.425 -1.9
2 0475 | 0472 -0.5 0.470 0.9
3 0.504 | 0.501 -0.7 0.499 -1.1
4 0.541 | 0536 -1.0 0.534 -1.4
5 0592 | 0.594 0.4 0.592 0.0
6 0760 | 0.758 0.3 0.755 0.7
7 0.656 | 0.663 1.1 0.660 0.7
8 1.000 | 0992 -0.8 0.988 -1.2
9 0.450 | 0.449 02 0.447 0.6
10 0459 | 0.459 0.1 0.457 0.3
11 0521 | 0.524 0.6 0.522 0.2
12 0.557 | 0.559 0.3 0.557 0.0
13 0.596 | 0.605 1.5 0.603 1.1
14 0.691 | 0.685 -0.9 0.682 -13
15 1.000 | 1.000 0.0 0.996 -0.4
16 0.910 | 0.966 6.1 0962. | 57
17 0.837 | 0.850 1.6 0.847 1.2
18 0671 | 0.658 -1.9 0.655 23
19 0.752 | 0.765 1.7 0.762 1.3
20 0.473 | 0.466 -1.6 0.464 -1.9

Normalized to Pin 15
®) Sums of measurement and calculated values are equal.
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Fig.2. Fuel rods layout and detector positions.

Single region, 1.7526 pitch, 8%240Pu, 728 rods, center water hole.
(Tab. 1, Case 3)



Pin power distribution for Fig. 2.

Pin | EXP® | CALC® |(C/E-1)%| CALC" |(C/E-1)
1 0.646 | 0.651 0.8 0.654 1.4
2 0.681 | 0.678 0.5 0.681 00 |
3 0724 | 0725 0.2 0.729 0.7
4 0.759 | 0.749 -1.3 0.753 0.8
5 0777 | 0779 0.2 0.783 0.7
6 0.833 | 0.828 -0.5 0.832 0.0
7 0.987 | 0.989 0.2 0.994 0.7
8 0.887 | 0.876 -1.2 0.880 0.7
9 0972 | 0.987 1.5 0.992 2.0
10 0985 | 0.985 0.0 0.990 0.6
11 0928 | 0.880 5.2 0.884 4.7
12 1.000 | 1.000 0.0 1.005 0.5
13 0.776 | 0.788 1.5 0.792 2.0
14 0732 | 0717 2.0 0.721 -1.5
15 0.655 | 0.648 -1.1 0.651 0.6
16 0.655 | 0.650 0.8 0653 | -03
17 0.655 | 0.653 0.3 0.656 02 |

*Normalized to Pin 12
®) Sums of measurement and calculated values are equal.
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Fig.3. Fuel rods layout and detector positions.

Single region, 1.905 pitch, 24%240Pu, 440 rods, center water hole.
(Tab. 1, Case 5)
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Pin power distribution for Fig. 3.

Pin | EXP® | CALC? |(C/E-1)%| CALC® |(C/E-1)
1 0.599 | 0.591 -1.4 0.596 0.6
2 0.665 | 0.662 -0.4 0.668 0.4
3 0.706 | 0.705 -0.1 0.711 0.7
4 0.764 | 0.743 2.8 0.749 2.0
5 0.794 | 0.796 0.3 0.803 1.1
6 0.851 | 0.833 2.1 0.840 -1.3
7 0.994 | 0.995 0.1 1.003 1.0
8 0.898 | 0.892 0.6 0.899 0.2
9 0997 | 0.994 03 1.002 0.5
10 0.600 | 0612 1.9 0.617 2.8
11 0596 | 0.599 0.5 0.604 1.3
12 0710 | 0.711 0.2 0.717 1.0
13 0827 | 0.793 4.2 0.800 3.4
14 1.000 | 1.000 0.0 1.008 0.8
15 0.904 | 0.890 -15 0.897 0.7
16 1.003 | 0992 -1.1 1.000- | -03
17 0.605 | 0.593 2.0 0.598 -1.2

¥ Normalized to Pin 14
® Sums of measurement and calculated values are equal.
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Fig.4. Fuel rods layout and detector positions.
25x25 Concentric region, 1.7526 pitch,

15x15 8%**Pu inner region, UQ; outer region.
(Tab. 8, Case 7)
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Pin power distribution for Fig. 4.

" Pin

EXP ¥

CALC?Y

(C/E-1) %

CALC®

1 0.965 0.957 -0.9 0.958
2 0.796 0.786 -1.3 0.786
3 0.776 0.785 1.1 0.785
4 0.819 0.826 0.9 0.826
5 0.862 0.856 -0.6 0.856
6 0.888 0.901 1.5 0.902
" 7 0.917 0.902 -1.6 0.903
8 0.904 0.905 0.1 0.906
9 0.909 0.905 -0.5 0.906
10 0.920 0.915 -0.5 0.916
11 0.923 0.906 -1.9 0.907
12 0.506 0.894 -13 0.895
13 0.863 0.873 1.1 0.873
14 0.845 0.859 1.7 0.859
15 0.853 0.867 1.6 0.867
16 1.000 1.000 0.0
17 0.754 0.728 -3.5 0.745 -1.2
18 0.672 0.652 -3.0 0.668 -0.7
19 0.845 0.817 -3.3 0.837 -1.0
20 0.930 0.902 -3.0 0.924 -0.7
21 0.901 0.887 -1.5 0.908 0.8
22 0.883 0.859 -2.7 0.880 -0.4
23 1.000 1.000 0.0 1.024 2.4

)Normahzed to Pin 16 in inner region, to Pin 23 in outer region
" Sums of measurement and calculated values are equal.
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Fig.5. Fuel rods layout and detector positions.
25x25 concentric region,
1.7526 pitch, 89 24%>"Pu inner region,
2.6942 pitch, 143 8%>*°Pu outer region.
(Tab. 8, Case 13)
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Pin power distribution for Fig. 5.

Pin | EXP? | CALC?® |(C/E-1)%| CALC® |(C/E-1)
1] 0832 | 0835 | 03 | 0834 | o02
2 | 0882 | 0886 | 05 | 0885 | 04
3 | 0994 | 099% | 02 | 0995 | 01
4 | 0825 | 084 | 10 | 0833 | 09
5 [ 0559 | 0572 | 23 | 0571 | 22
|6 [ 0550 [ 0557 | 12 | 055% | 1.1
7 | 0551 | 0559 | 15 | 0558 | 14
8 | 0562 | 0570 | 15 | 0569 | 14
9 | 0557 | 0591 | 60 | 059 | 509
10 | 0553 | 055 | 06 | 055 | 05
11| 0572 | 0561 | 20 | 0560 | -2.1
12| 0837 | 0830 | -09 | 0829 | -10
13| 1.000 | 1.000 | 00 | 0999 | -01
14| 0892 | 0882 | -11 | 0881 | -12
15 | 0837 | 0847 | 12 | 0846 | 11
16 | 0562 | 0561 | -02 | 0560 | -03
17| 0547 | 0555 | 15 | 0554 | 14
18 | 0549 | 0556 | 12 | 0555 | 1.1
19 | 0573 | 0583 | 17 | 0582 | 16
20 | 0644 | 0660 | 24 | 0659 | 23
21 | 0962 | 0877 | 88 | 0876 | -89
22 | 0950 | 0944 | 06 | 0943 | -07
" 23| 0751 | 0748 | 04 | 0747 | -05

“Normalized to Pin 13
*) Sums of measurement and calculated values are equal.

110



Fig.6. Fuel rods layout and detector positions.
Salt and pepper core configuration.
1.7526 pitch, 23x23 rods, 8%>""Pu and UO,.
(Tab. 16, Case 15)



Pin power distribution for Fig. 6.

ir
Pin

EXP ¥

(C/E-1) %

CALCY

1 0.500
2 0384 | 0380 2009
3 0415 | 0.405 25
4 0492 | 0494 03
5 0585 | 0585 0.1
6 0669 | 0676 1.1
7 0766 | 0774 11
8 0861 | 0872 12
9 0930 | 0933 03
" 10 0966 | 0.964 03
11 0980 | 1.010 31
12 1.000 | 1.000 0.0
14 0986 | 0.083 0.3
16 0927 | 0940 1.4
13 0813 | 0828 1.9
20 0705 | 0.703 203

o]
N

13

15 .

17 0.880 0.892 1.4
19 0.770 0.752 -2.3
21 0.642 : . 0.661 2.9
23 0.845 0.851 0.7 0.850 0.6

' Normalized to Pin 12 in inner region, to Pin 13 in outer region

®) Sums of measurement and calculated values are equal.



Fig.7. Fuel rods layout and detector positions.
Salt and pepper core configuration.
1.7526 pitch, 23x23 rods, 24%°Pu and UO.
(Tab. 16, Case 16)



Pin power distribution for Fig. 7.

EXP ¥

CALC?

(C/E-1) %

CALCY

(C/E-1)

1 1.024 1.001 -2.3
3 1.131 12 1.146 1.3
5 1.208 1.0 1.220 1.0
8 1.226 -0.5 1.220 -0.5
10 1.145 0.1 1.146 0.1

23

2 1.024 1.000 1.001 -2.3
4 1.131 1.145 12 1.146 1.3
6 1.208 1.219 1.0 1.220 1.0
7 1.226 1.219 -0.5 1.220 -0.5
9 1.145 1.145 0.1 1.146 0.1
11 1.000 1.000 0.0 1.001 0.1

*Normalized to Pin 12 in inner region, to Pin 11 in outer region
®) Sums of measurement and calculated values are equal.

1
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CONCLUSION

SAXTON and ESADA have the direct relationship to water moderated reactor
with MOX fuel. All used codes underestimate multiplication factors right up till 0.01.
To link certainly this deviation with neutron data it’s desirable to specify the
experiment descriptions. In particular, K of the benchmark models should be
estimated.

For the critical assemblies with core of plutonium nitrate solution, MCU and
ABBN-93 neutron data allow to forecast the criticality with the error not greater than
the experiment error.

The use of ENDF/B-V neutron data cause the overestimation in approximately
0.01.

For the reactors of VVER type with MOX fusel, it makes sense to use the same
cross-sections of plutonium isotopes in Russian and U.S. codes.

To secure it one should compare the actual used neutron data and to provide
the joint evaluation of cross-sections. In this evaluation, the results presented in
current report should be also taken into account.
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Comments by ORNL staff on ORNL/SUB/99-B99398V-5

1. Page 2. The last sentence states that “(delta) A is the mean-square error.” This is also known as the
standard deviation of the values about the mean. It states that “the statistical dispersion of the particular
variant wasn'’t taken into account. It's valid as the scattering of the values to be averaged is much greater
than the statistical dispersion.” This is generally true and acceptable for the statistical uncertainty in the
calculated values. However, the reader should note that the uncertainties in some of the measured
critical states translate into rather large uncertainties in k-effective (on the order of 0.5%). We have
assumed that the statement is not interpreted to be that the scattering of calculated k-effectives was
different from the Gaussian distribution defined by the standard error of the mean from any one of the
calculations. If that were the case, then one must question if the problem was converged.

2. Pages 4 and 7; Tables 1.1 and 1.2. “D (inch)” is interpreted to mean the diameter of the cylindrical
vessel.

3. Page 9. There is no uncertainty value for the KENO-V (ENDF/B-V) result in Table 1.4. It is our
interpretation that the last two paragraphs on this page should be combined into one. Otherwise, it seems
that the comment stating that the experiments are unacceptable applies to the experiments presented in
Table 1.3 as well as Table 1.4. We believe that the author’s intent is to indicate that only the experiment
with the 17.9-in. diameter is unacceptable.

4. Page 11. Regarding the first bullet at the bottom of the page, it is assumed that “Delta Keff = —1” should
be replaced by “Delta K-eff = (calculated K) —1.” Regarding the third bullet, the reader should note that
the averages in Table 1.5 are the subject of discussion. The range for the MCU-calculated k-effective is
from 0.995 (p. 7, case 14-8) to 1.024 (p. 4, case 9-1). The “Delta K-eff” should just be “Keff.” Likewise,
for the fourth bullet, the statement refers to the averages in Table 1.5. The upper value in the range of
MCNP Keff values is 1.024 (p. 4, case 9-1). The “Delta Keff” should just be “Keff.” Regarding the fifth
bullet, the values given don’t appear to be averages over all of the cases presented in the previous tables,
but individual values taken from Table 1.5. For example, the values that we compute for the ABBN-93
and ENDF/B-V group results Tables 1.1 through 1.4 are

ABBN-93: Delta Keff = 0.003 + 0.005.
ENDF/B-V: Delta Keff = 0.011 + 0.006.

Likewise, the “Group approach” values do not appear to be averages over the values reported in
Tables 1.1 through 1.4.

5. Page 15. The comment at the end of the second paragraph “Calculation results with ENDF/B data are
not known to us” appears to be in error because Table 1.7 contains results with KENO using ENDF/B-V
data.

6. Page 17. In the third paragraph from the bottom, 0.025 should be 1.025. It is not cié#uhiathe
cause of the trend in k-effective because the fractiétfd absorption is unchanged as the H/Pu ratio
changes.

7. Page 24. The 8 cm probably should be 80 cm.
8. Page 27. Table 2.2 indicates ABBN-90 (not ABBN-93). We assume that the library was actually ABBN-

93. Similar notations are used in Figs. 2.1, 2.2, and 2.3, and Tables 2.4 and 2.6. On p. 32, the last
paragraph states that ABBN-93 was used, while Table 2.6 indicates that ABBN-90 was used.



9. Pages 47 and 52. “NCNP:” should be “MCNP:".

10. Page 60. The normalization factor, A, is consistent with the ESADA methodology, yet we felt that pin
powers should be computed relative to the standard rod. This was done by IPPE for KENO/ABBN

calculations (see page 78).

11. Pages 61-77. The figure numbers should be consistent with the other figures in this chapter. For
example, Fig. 1 on page 61 should be Fig. 4.5. Also, it would be helpful to the reader if these figure

numbers could be added to Table 4.6.

12. Page 100. The meaning of the last sentence on this page is not clear.
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